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Abstract

Multiple myeloma (MM) is a haematological malignancy originating from terminally differentiated B cells, resulting in significant mor-
bidity and mortality. Currently, MM is regarded as an incurable disease, often exhibiting a relapse-remitting pattern that necessitates
multiple lines of therapy. It is now well-established that ineffective immunosurveillance plays a critical role in the progression of MM.
Consequently, strategies that redirect immune effector cells against MM have emerged as effective treatment modalities, particularly
in cases where standard care therapies fail. T cell-based immunotherapy has gained considerable attention in ongoing clinical trials;
however, natural killer (NK) cells, known for their ability to execute cytotoxicity against infected and malignant cells with precision,
may offer complementary therapeutic advantages over T cells and possess untapped therapeutic potential. This review seeks to introduce
readers to the significance of NK cell-mediated immunosurveillance in the context of MM, explore the potential benefits of redirecting
NK cells against MM, and illustrate how current treatment strategies are often reliant on the functionality of NK cells. Most impor-
tantly, new promising mechanisms of harnessing NK cell-based immunity against MM are reviewed and put into a clinical perspective
to highlight their implications for patient treatment and outcomes.

Keywords: Multiplemyeloma; NK cells; allogenic NK cells; adoptive cell therapy; CARNKcells; monoclonal antibodies; immunomod-
ulatory drugs

1. Introduction
1.1 Multiple Myeloma

Multiple myeloma (MM) is classified as a plasma cell
neoplasm, marked by the unregulated expansion of mon-
oclonal plasma cells (PC) in the bone marrow (BM) [1].
MostMM cases arise from an asymptomatic, pre-malignant
clonal proliferation of PCs known as monoclonal gam-
mopathy of undetermined significance (MGUS) [2]. How-
ever, not all patients diagnosed with MGUS progress to de-
velop MM [3,4]. MM is a heterogeneous disease with man-
ifestations of multiple organ damage [2,5], and despite ad-
vancements in therapeutic strategies, the disease remains
incurable.

The pathogenesis of MM is not fully understood. Var-
ious mechanisms contribute in disease development and
progression, primarily characterized by evasion of immune
surveillance and alterations in the bone marrow microen-
vironment that favor the proliferation of malignant plasma
cells (PC) [6,7]. The promotion of angiogenesis through cy-
tokines such as vascular endothelial growth factor (VEGF)
and fibroblast growth factor-2 (FGF-2) is critical, as these
factors stimulate the formation and growth of new blood
vessels, thereby increasing microvascular density in the

bone marrow. Elevated microvascular density has been
correlated with poor clinical outcomes [8]. Other impli-
cated mechanisms in MM pathogenesis include impaired
dendritic cell functions [9–12], accumulation of dendritic
cells (DC) in the bone marrow [12], expansion of myeloid-
derived suppressor cells (MDSC) [10,11], increase in pro-
inflammatory subsets of T cells [9], cytotoxic T cell dys-
function [9,10], tumor associated macrophages [10–12],
and upregulation of regulatory T cells, which collectively
enhance immunosuppression and support carcinogenesis
[9–11,13]. Furthermore, dysfunctional natural killer (NK)
cells, characterized by both quantitative and functional ab-
normalities, has been shown to significantly influence MM
development and prognosis [9,10,13].

1.2 Natural Killer Cells

Natural killer cells are a subset of lymphocytes that
primarily execute two key functions: recognition and lysis
of stressed and transformed cells, and the production of cy-
tokines [14]. They are classified as group 1 innate lymphoid
cells due to their ability to secrete interferon-gamma (IFN-
γ), tumor necrosis factor-alpha (TNF-α), and granulocyte
macrophage colony stimulating factor (GM-CSF) [15,16].
NK cells are characterized by their expression of CD56 and
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the absence of CD3, and they are subdivided into three dis-
tinct subsets: CD56dim, CD56bright and adaptive NK cells.
The CD56dim subset are mature cells with cytotoxic activ-
ity, whereas the CD56bright subset are immature cells that
predominantly produce cytokines. The adaptive NK cell
exhibits traits similar to those of adaptive immune cells
and arises in specific immunological contexts, such as dur-
ing infections with human cytomegalovirus [14,17,18]. NK
cells are predominantly found in peripheral blood, spleen,
liver, lungs, and bone marrow, and only in a limited amount
in lymph nodes [14].

The release of cytokines from NK cells is crucial for
promoting or restraining immune responses through com-
munication with dendritic cells, as well as promoting adap-
tive immune responses by the enhancement of antigen-
specific T cell responses [16,17,19]. NK cells possess
the ability to rapidly attack and eliminate abnormal cells
that lack expression of major histocompatibility complex
class I (MHC-I) [15,19]. This is common in neoplastic
and virally infected cells. Upon activation through NK
cell-activating receptors, NK cells induce apoptosis by the
release of granzyme B, perforin, TNF-related apoptosis-
inducing ligand (TRAIL), and Fas Ligand (FasL) [20,21].

NK cell functions are contingent upon the interplay of
activating and inhibitory receptors [20,22]. Upon contact
with other cells, NK cell responses are mediated by inte-
gration of signals, with no single receptor predominantly
influencing activation [23]. Among the activating recep-
tors are the natural cytotoxicity receptors (NKp30, NKp44,
and NKp46) belonging to the immunoglobulin family, and
play a critical role in NK cell-mediated tumor immuno-
surveillance [24]. Other activating receptors in NK cells
include natural killer group 2 member D (NKG2D), re-
ceptors of the signaling lymphocytic activation molecule
(SLAM) family, and the Ig-like domain containing recep-
tor DNAX accessory molecule-1 (DNAM-1), among others
[20,22]. Furthermore, NK cells can recognize the Fc por-
tion of antibodies that are bound to tumor cells, infected
cells, or pathogens via the Fc receptor FcγRIIIa (CD16).
This recognition leads to the activation of NK cell cytotox-
icity through a mechanism known as antibody-dependent
cell-mediated cytotoxicity (ADCC) [24–26].

NK cells can avoid activating signals through con-
comitant signaling from MHC-I specific inhibitory recep-
tors which recognize certain classical and non-classical
MHC molecules preventing attacks on healthy cells, while
attacking abnormal cells lacking these ligands. This last
phenomenon is called recognition of “missing self”. Ma-
jor inhibitory receptors include killer cell immunoglobulin-
like receptors (KIRs) and natural killer group 2 member
A (NKG2A), which recognize a variety of human leuko-
cyte antigen (HLA) class I alleles [15,20,25]. In addition
to these receptors, several other critical pathways medi-
ate inhibitory signals to NK cells. Notably, programmed
cell death protein-1 (PD-1) becomes activated upon engage-

ment with its ligand, programmed cell death ligand 1 (PD-
L1) [27]. Other pathways include lymphocyte activation
gene 3 (LAG3), T cell immunoglobulin and mucin-domain
containing-3 (TIM3), and T cell immunoreceptor with Ig
and ITIM domains (TIGIT) [28].

2. Natural Killer Cells in Multiple Myeloma
Development

NK cells play a significant role in the development
and progression of various haematological malignancies,
including MM [29–32]. A reduction in NK cell cytotox-
icity has been associated with advanced stage MM [33],
while chemotherapy-treated patients exhibiting higher NK
cell activity at presentation have better cumulative survival
rates compared to those with low NK cell activity [34]. The
quality and quantity of NK cells may be particularly perti-
nent in patients treated with novel therapies that are heavily
reliant on NK cell function (discussed later in this review)
[35–37]. In addition, several alterations related to NK cells
are associated with the progression from precursor condi-
tions, such as MGUS and smoldering multiple myeloma
(SMM), to symptomatic MM [33,34]. Alteration in the ac-
tivating NKG2D pathway and downregulation of FasL have
been observed in patients with MM compared to those with
MGUS, indicating insufficient NK cell activation and resis-
tance to FasL-induced apoptosis in patients who progress to
MM [38]. Unsurprisingly, the phenotype and numbers of
circulating NK cells, along with additional markers, might
serve as predictive indicators for the risk of progression
from SMM to MM, potentially forming the basis of a mini-
mally invasive risk stratification model utilizing blood im-
munophenotyping [39].

It is established that the number of NK cells is de-
creased in the bone marrow of patients with MM, leading
to diminished cytotoxic activity [40–42]. In the context of
MM, NK cells experience chronic stimulation, which re-
sults in an increase in terminally differentiated NK cells,
accompanied by a loss of their effector functions. These
NK cells exhibit an exhausted phenotype characterized by
the upregulation of inhibitory receptors and downregulation
of activating receptors [40,43].

In MM, the expression of NK cell activating recep-
tors including DNAM-1, NKp30, NKp44, and NKp46 is
significantly diminished [41,42,44–46]. DNAM-1 induces
myeloma cell killing through ligands Nectin-2 and the po-
liovirus receptor (PVR), which are expressed on myeloma
cells [46]. Notably, low expression of DNAM-1 is found
in patients with active disease, while elevated levels of
DNAM-1 are found in patients who have achieved com-
plete response to therapy [46]. In contrast to the reduced
expression of activating receptors, there is an increase
in the expression of inhibitory receptors TIM3, TIGIT,
and glucocorticoid-induced tumor necrosis factor receptor
(GITR) on NK cells from patients with MM. This increase
contributes to the downregulation of NK cell cytotoxicity
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[44]. Additionally, high levels of the TIGIT ligand Nectin-
2 and PVR have been found in the bone marrow of MM pa-
tients [40–42,47]. Importantly, while healthy NK cells ex-
press low levels of PD-1, its expression is upregulated in the
context of MM, regulated by interleukin 2 (IL-2) [27,48].
Similar to other tumors, myeloma cells also express the lig-
and PD-L1, which interacts with PD-1 found on NK cells.
This interaction leads to the downregulation of NK cell
cytotoxicity, facilitation immune escape of myeloma cells
[41].

Various cell-bound and soluble factors contribute to
the suppression of NK cell immunity within the protec-
tive tumor microenvironment (TME) induced by MM [40].
Myeloma cells exhibit low levels of MHC-I and high lev-
els of MHC class I-related chain A (MICA), making them
recognizable to NK cells, particularly in the early stages
of the disease [41,49]. However, as the disease progresses
from MGUS to MM, the expression of MICA on myeloma
cells decreases, while high levels of the protein Erp5 in-
crease, promoting the shedding of MICA from myeloma
cells [50,51]. The activation of NK cells through the recog-
nition of MICA on myeloma cells relies on the activating
receptor NKG2D. Circulating MICA, the product of MICA
shedding, downregulates NKG2D receptor expression on
NK cells, thereby compromising the cytotoxic effect of NK
cells against myeloma cells and facilitating immune escape
by MM [41,49–51]. Furthermore, myeloma cells overex-
press surface HLA class I antigen E (HLA-E) which binds
to the inhibitory receptor NKG2A, thereby mediating NK
cell inhibition [52,53]. The cytokine transforming growth
factor β1 (TGF-β1) plays a significant role in the suppres-
sion of immune responses by affecting multiple cell types,
including NK cells and T cells. This cytokine is secreted
by various cells, such as myeloma cells, regulatory T cells
(Treg), and bone marrow stromal cells (BMSC) [54]. In
the context of MM, the adhesion of myeloma cells to BM-
SCs triggers secretion of TGF-β1 from both BMSC and
MM cells [55,56]. TGF-β1 impairs NK cell cytotoxicity
by inhibiting the expression of NKp30 and NKG2D in MM
[54]. This has been studied in an experimental setting show-
ing TGF-β1mediated inhibition of NKp30 expression lead-
ing to failed NK-mediated DC killing in MM [57]. Addi-
tionally, NK cell responsiveness is further downregulated
via the NKp30 receptor through expanded myeloid derived
suppressor cells [40]. Beyond inhibiting activating recep-
tors, TGF-β1 increases interleukin 6 (IL-6) secretion [56].
Elevated levels of IL-6 and IL-10 are found in patients with
MM and are proposed to contribute to tumor growth and
disease progression [40,58–60]. IL-6, produced by BM-
SCs, correlates with advanced stages of MM, and it has
been suggested that IL-6 inhibits NK cell cytotoxicity in
both MM and other haematological diseases [56,61]. TGF-
β1 has been shown to downregulate FcγRIIIA on NK cells,
resulting in decreased ADCC in healthy individuals in vitro
[62]. IL-10 suppresses the production of IFN-γ and TNF-α,

ultimately reducing NK cell cytotoxicity by promoting the
survival of NK-resistant tumor cells while inhibiting NK
cell functions [40,63].

3. The Role of NK Cells in MM Treatment
3.1 Allogenic NK Cell Transplantation and Adoptive NK
Cell Transfer

Allogenic haematopoietic stem cell transplantation
(HSCT) has provided the first demonstrable evidence that
MM can be effectively cured through the transfer of im-
mune cells from a donor to a recipient. The graft-versus-
myeloma (GvM) effect primarily relies on the alloimmune
response mounted by donor immune cells against MM
cells. Notably, donor T cells typically target host specific
antigens rather than tumor specific antigens [64]. Conse-
quently, allogeneic HSCT is frequently associated with T
cell-mediated graft-versus-host disease (GvHD), a condi-
tion that necessitates the application of immunosuppressive
therapies for its prevention and management. In the context
of MM, NK cells might may contribute to the GvM effect
observed following allogenic HSCT [65]. As previously
mentioned, NK cell activity is modulated by a combination
of activating and inhibitory signals derived from target cells
[20,22,23]. Inhibitory signals are mediated through KIRs,
which recognize allotype determinants presented by vari-
ous human leukocyte antigen (HLA) class I alleles. Unlike
other immune cells, inhibitory signals predominantly influ-
ence NK cells, preventing them from targeting and killing
autologous cells. HLA class I KIR ligands exhibit variabil-
ity among individuals, allowing for NK cell alloreactivity in
transplantation scenarios. This phenomenon occurs when
the recipient lacks the KIR ligands that are present in the
donor, as evidenced by studies on acute myeloid leukemia
patients undergoing haploidentical HSCT, which demon-
strated effective NK cell-mediated responses across histo-
compatibility barriers [66,67].

The application of KIR ligand mismatched NK cells
has been investigated in the treatment of MM. Transfu-
sion of T-cell depleted KIR ligand mismatched NK cells,
followed by autologous HSCT, has shown variable NK
cell alloreactivity, yet retains the capability to effectively
kill myeloma cells within the alloreactive NK cell prod-
ucts (Fig. 1). This approach has been implemented without
GvHD or failure of the engraftment of the autologous stem
cells [68]. An in vitro study has reported enhanced NK cell
cytotoxicity and ADCC against myeloma cells when em-
ploying allogeneic KIR-mismatched NK cells as opposed
to autologous NK cells [69]. A recent phase I assessing the
efficacy of allogenic umbilical cord blood derived NK cell
(CB-NK) transplantation followed by autologous HSCT in
MM patients indicated that CB-NK cells exhibit higher ex-
pression levels of activating receptors compared to endoge-
nous NK cells in vivo [70]. Importantly, these findings sug-
gest that adoptive NK cell therapy can be effectively im-
plemented using an allogeneic source without a significant
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Fig. 1. Harnessing the power of NK cells against multiple myeloma. This figure presents the different ways in which each type of
myeloma therapy utilizes NK cell functions against MM cells. Abbreviations: MM, multiple myeloma (representing malignant plasma
cell); IL, interleukin; IMiDs, immunomodulatory drugs; IFN, interferon; TNF, tumor necrosis factor; ADCC, antibody dependent cellular
cytotoxicity; Tregs, regulatory T cells; Bregs, regulatory B cells; MDSC, myeloid derived suppressor cells; CAR, chimeric antigen
receptor; mAbs, monoclonal antibodies; Ab, antibody; HLA, human leukocyte antigen; ADC, antibody drug conjugate; NKG2D, natural
killer group 2 member D; KIR, killer cell immunoglobulin-like receptor; SLAMF7, signaling lymphocytic activation molecule family
member 7; DNAM-1, DNAX accessory molecule-1. + = positive effect on, i.e., increase, stimulate or activate. % = negative effect on,
i.e., inhibition or decreased activation. Created using BioRender.com. Agreement number: LS276QITRP.

risk of GvHD, distinguishing it from T-cell-based therapeu-
tic strategies.

The effectiveness of current MM therapies, includ-
ing immunomodulatory drugs and monoclonal antibodies,
is heavily dependent on the presence and functionality of
endogenous NK cells [49,71], which are often functionally
deficient in the setting of MM [35–37]. As such, allogeneic
NK cellsmay serve as a promising resource for adoptive im-
mune cell therapies, offering potential advantages through
genetic manipulation and the development of true off-the-
shelf products. Several ongoing clinical trials are exploring
the allogeneic transfer of NK cells (Table 1).

In addition, the transfer of autologous NK cells is
under investigation in multiple clinical trials as well (Ta-
ble 1). These studies focus on various approaches, in-
cluding combination therapies with existing myeloma treat-
ments (NCT04558931) and NK cell-based therapies utiliz-
ing autologous NK cells in the form of cytokine-induced
memory-like NK cells in conjunction with bispecific anti-
bodies (NCT04634435).

3.2 Adoptive Transfer of Genetically Manipulated NK
Cells: Chimeric Antigen Receptor NK Cells (CAR NK)

Chimeric antigen receptor (CAR) T cell therapy has
emerged as a significant advancement in the treatment of
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Table 1. Current clinical trials on adoptive NK cell treatment in MM.
Investigational drug Source Patients Phase Objectives Trial ID and status

NK cells genetically
engineered with NY-ESO-1
TCR/IL-15 cell receptor

Allogenic RRMM and RR PCL 1 and 2

· DLT NCT06066359
· +90 day OR Recruiting
· +180 day PFS
· Persistance of donor NK cells
· DOR

CIML NK cells with
KP1237 and IL-2

Autologous MRD positive MM post autologous HSCT 1

· DLT NCT04634435
· Safety Recruiting
· Change in MRD negativity
· PFS
· OS
· Best ORR

Cyclophosphamide, TGFbi
NK cells and isatuximab

Allogenic RRMM 1
· Safety NCT06203912
· OS Recruiting
· Response rates

Investigational drugs: NK cells with
IL-2 and TGFbi (conditioning
regimen of Flu and Cy)

Allogenic
Advanced cancers including RRMM 1

· Safety NCT05400122
Non-HLA matched · Persistence of donor NK cells Recruiting

· Clinical response

NK cells with or without isatuximab
as maintenance after autologous HSCT

Autologous NDMM eligible for autologous HSCT 2

· Change in MRD negativity NCT04558931
· Safety Recruiting
· Time to progression
· Response rates

CB derived NK cells after
myeloablative or non-myeloablative
CB transplantation

Allogenic Haematologic malignancies including MM 2

· PFS NCT02727803
· OS Recruiting
· Transplant related mortality
· GvHD
· Infections

GIC-102 (off the shelf allogenic
NK cells)

Allogenic
Advanced cancers including RRMM 1 and 2

· Safety NCT05880043
Non-HLA matched ·Maximum tolerated dose Recruiting

· Response rates
· Pharmacokinetics

IDP-023 (off the shelf allogenic NK
cells) with or without daratumumab
and with or without IL-2

Allogenic
NHL and RRMM 1 and 2

· Safety NCT06119685
Non-HLA matched · DLT Recruiting

· Defining recommending dose of IDP-023
· Defining recommending regimen
· Response rates
· Pharmacokinetics

Abbreviations: NK, natural killer; TCR, T-cell receptor; IL, interleukin; RRMM, relapsed or refractory multiple myeloma; PCL, plasma cell leukemia; DLT, dose limiting toxicity; OR, overall response; PFS,
progression free survival; DOR, duration of response; CIML, cytokine induced memory like; MRD, minimal residual disease; MM, multiple myeloma; HSCT, haematopoietic stem cell transplantation; OS,
overall survival; ORR, overall response rate; TGFbi, transforming growth factor beta inhibitor; Flu, fludarabine; Cy, cyclophosphamide; HLA, human leukocyte antigen; NDMM, newly diagnosed multiple
myeloma; CB, cord blood; GvHD, graft versus host disease; NHL, Non-Hodgkin lymphoma; NY-ESO-1, New York Esophageal Squamous cell carcinoma 1.
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haematological malignancies, including MM. This ap-
proach involves the genetic modification of T cells to ex-
press CARs that specifically recognize tumor-associated
antigens, such as B-cell maturation antigen (BCMA)
(Fig. 1). Currently, only autologous CAR T cells are ap-
proved for clinical use, and anti-BCMACART cell therapy
has shown promising outcomes in patients with relapsed
or refractory multiple myeloma (RRMM) [72]. However,
CAR T cell therapy has certain limitations, including toxic
side effects [73], he challenges associated with using pre-
viously treated autologous T cells [74], manufacturing con-
straints [73], and the potential risk of GvHD in allogenic
CAR T cells [75]. To address these concerns, CAR NK
cells are being explored as a viable alternative. In addi-
tion to their CAR-dependent functions, CAR NK cells re-
tain the ability tomediate tumor cell killing through their in-
herent NK cell functions, potentially enhancing the efficacy
of CAR-based treatments for myeloma [76]. Furthermore,
CAR NK cells may provide patients with improved acces-
sibility to a therapeutic option that carries a reduced risk
of adverse side effects, thereby enhancing patients’ qual-
ity of life. It is important to note that most current CAR
NK cell constructs are based on designs tailored for T cell
activation, which may limit the effectiveness of CAR NK
cells in vivo. CART constructs have predominantly utilized
CD3ζ and CD28 as co-stimulatory domains. Research in-
dicates that alternative co-stimulatory domains within CAR
NK constructs could enhance cytotoxic efficacy compared
to traditional CAR T cells [77]. New CAR constructs incor-
porating different activation domains are currently in pre-
clinical development, potentially leading to more success-
ful CAR NK cell therapies in the near future [77].

While most studies on CAR NK cells remain preclin-
ical, a Phase I and II study involving allogeneic CAR NK
cells expressing an anti-CD19 CAR and IL-15 in heavily
pretreated lymphoid malignancies demonstrated encourag-
ing responses without incidents of cytokine release syn-
drome or GvHD [78,79]. Importantly, the quality of the
cord blood unit used was identified as a predictor of thera-
peutic response, with the persistence of CAR NK cells cor-
relating with response rates. A phase I and II trial utilizing
IL-15 and nicotinamide-enhanced CAR NK cells (GDA-
201) showed promising results in lymphoma treatment
when combined with the monoclonal antibody rituximab,
although the same CAR NK cell did not yield clinical ef-
ficacy in MM when combined with elotuzumab [80]. Cur-
rent clinical trials investigating various CAR NK cell mod-
els for MM treatment are ongoing (Table 2). A recent study
has indicated that a CD70 CARNK cell exhibited increased
activity compared to non-transduced NK cells, effectively
clearing tumor cells more rapidly, and demonstrated tumor
control and prolonged survival in mouse models [81]. This
has led to the initiation of an ongoing clinical trial assessing
a CD70 CAR NK cell (NCT05092451). A SLAM family
member 7 SLAMF7 CAR NK cell showed heightened cy-

tolytic activity against human myeloma cells and increased
production of IFN-γ, and had specific SLAMF7-dependent
recognition of MM cells compared to non-CAR transduced
NK cells in vitro [82]. In a dual-modified NK cell model
incorporating chemokine receptor type 4 CXCR4 and anti-
BCMA CAR demonstrated enhanced NK cell migration
to the myeloma niche within bone marrow while simul-
taneously targeting MM cells via BCMA, leading to im-
proved migration and reduced tumor burden in xenograft
mouse models [83]. A preclinical assessment of BCMA
CAR NK92 cells indicated increased cytokine production
(IFN-γ and granzyme B) and enhanced antitumor effects
on myeloma cells, further boosted by treatment with borte-
zomib [84]. A phase I and II trial of anti-BCMA CAR
NK92 cells for RRMM is ongoing (NCT03940833). Addi-
tionally, autologous NKG2D CAR NK cells have demon-
strated anti-myeloma activity in preclinical settings, while
anti-CD138 CAR NK cells have also been shown to en-
hance NK cell-mediated myeloma killing [85,86]. The
combination of daratumumab and SLAMF7 CAR CD38
negative NK cells has been described having a synergistic
effect on the eradication of myeloma cells [87]. Recently,
interim data from a Phase I study involving allogeneic CAR
NK cells derived from a CD38 knockout human-induced
pluripotent stem cell line expressing BCMA CAR, high-
affinity, non-cleavable CD16, and an IL-15/IL-15 recep-
tor fusion protein (FT576) for the treatment of RRMM in-
dicated that a single dose of the CAR NK cell was safe,
both with and without daratumumab [88]. This CAR NK
cell (FT576) is currently being evaluated in a Phase I trial
(NCT05182073) for RRMM treatment (Table 2).

3.3 Monoclonal Antibodies
Monoclonal antibodies (mAb) daratumumab and isat-

uximab targeting the CD38molecule overexpressed byMM
cells, have demonstrated efficacy as standalone treatments
and now constitute a cornerstone ofMM therapy across var-
ious treatment combinations [89]. By binding to CD38 on
MM cells, these antibodies induce immune-mediated cyto-
toxicity by various mechanisms of action. Notably, they
can elicit NK cell-mediated antibody dependent cytotox-
icity (ADCC) through an Fc receptor-dependent mecha-
nism in a dose dependent and primarily effective towards
CD38high myeloma cells [71] (Fig. 1). Furthermore, it has
been demonstrated that targeting CD38 in MM depletes
highly immunosuppressive CD38+ positive cells in TME,
thereby alleviating the state of immune suppression and
contributing to the upregulating of NK cell cytotoxicity
against MM cells [71,90].

Clinical evidence underscores the critical role of NK
cells in mediating daratumumab’s therapeutic effects. Fc
receptor polymorphisms in MM patients might have an im-
pact on response and progression free survival (PFS) after
daratumumab treatment [35]. Notably, the expression of
specific NK cell surface antigens correlates with a response
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Table 2. Current clinical trials on CAR NK cell therapy.
Investigational drug Source Patients Phase Objectives Trial ID and status

BCMA CAR NK
(conditioning regimen: Flu and Cy)

Allogenic RRMM 1
· DLT NCT05008536
· Response rates Unknown status

BCMA CAR NK92 Unknown RRMM 1 and 2 · Adverse events
NCT03940833
Unknown status

CAR.70/IL15-transduced
CB-NK

Allogenic
CD70+ haematologic malignancies

including MM
1 and 2

· Safety NCT05092451
· Response rates Recruiting
·Mortality rate

FT576: BCMA CAR NK with or
without daratumumab (conditioning
regimen: Flu, Cy and Benda)

Allogenic NK cell derived from a clonal,
CD38-knockout, human-induced pluripotent

stem cell line
RRMM 1

· DLT NCT05182073
· Adverse events Active, not recruiting
· Response rates
· Pharmacokinetics

BCMA CAR NK Allogenic RRMM 1
· Adverse events NCT05652530
·Maximum tolerated dose of CAR NK cells Recruiting
· Pharmacokinetics

LUCAR-B68: BCMA CAR NK Unknown RRMM 1

· Safety NCT05498545
· DLT Not yet recruiting
· Recommended dose
· Persisting CAR NK cells
· Response rates

BCMA CAR NK (conditioning regimen:
chemotherapy not otherwise specified)

Allogenic RRMM and RR PCL 1

· DLT NCT06045091
· Pharmacokinetics Recruiting
· Response rates
·MRD negativity
· Safety
· OS

BCMA CAR NK (conditioning
regimen: Flu and Cy)

Unknown RRMM 1 and 2

· ORR NCT06242249
· DLT Not yet recruiting
·Maximum tolerated dose
· PFS
· DOR

KN1102: NKG2D CAR NK Unknown RRMM 1
· DLT NCT06379451
· Adverse events Not yet recruiting
· ORR

Abbreviations: BCMA, B-cell maturation antigen; CAR, chimeric antigen receptor; NK, natural killer; Flu, fludarabine; Cy, cyclophosphamide; RRMM, relapsed or refractory multiple myeloma; DLT, dose
limiting toxicity; CB, cord blood; MM, multiple myeloma; Benda, bendamustine; PCL, plasma cell leukemia; OS, overall survival; ORR, overall response rate; PFS, progression free survival; DOR, duration of
response; NKG2D, natural killer group 2 member D.
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to daratumumab monotherapy. Patients with primary re-
fractory disease show a higher frequency of NK cells in the
BM with an exhausted and activated phenotype at baseline,
with decreased expression of CD16 and granzyme B, and
increased expression of TIM3 and HLA DR isotype (HLA-
DR) compared to patients who respond to treatment. This
exhausted or activated NK cell phenotype is also associated
with significantly impaired PFS and overall survival (OS)
[36].

Correspondingly, a recent single-cell analysis of im-
mune microenvironment in newly diagnosed MM patients
treated with a potent daratumumab combination therapy re-
vealed that the proportion of NK cells in BM is the only
immune cell population linked to sustained minimal resid-
ual disease (MRD) negativity. The study suggests that fail-
ure to achieve sustained MRD negativity is associated with
a reduction in baseline NK cell numbers [37]. The same
study also suggested marked CD14+ monocyte expansion
seen in the MRD-negative cases. Interestingly, it has been
previously reported that the targeting of CD38+NK cells by
daratumumab promotes monocyte activation, leading to in-
creased expression of T cell costimulatory molecules (such
as CD86 and 80) and enhancing anti-MM phagocytic activ-
ity both ex vivo and in vivo [91].

Importantly, most of NK cell subpopulations express
high levels of CD38 leading to reduced NK cell counts in
patients treated with daratumumab. This reduction occurs
due to the rapid elimination of CD38+NK cells through NK
cell fratricide [91].Despite this, NK cells of daratumumab
treated patients are not completely depleted and may still
contribute to ADCC, clinical efficacy and infection con-
trol [92]. However, NK cells surviving daratumumab-
induced fratricide have a lower CD16 and granzyme B
expression which might limit their cytotoxicity against
MM. Interestingly, ex vivo killing assays with BM sam-
ples from daratumumab refractory patients demonstrated
that daratumumab-mediated elimination of MM cells can
be significantly improved by the addition of healthy donor-
derived NK cells [36]. This suggests that daratumumab in-
duced NK cell dysfunction and depletion may be contribut-
ing to treatment failure. To address the challenges posed by
daratumumab-induced NK cell fratricide and dysfunction,
several strategies have been developed. These approaches
include engineering NK cells to express a non-cleavable
version of CD16, which results in enhanced ADCC activity
[93], generating NK cells with CD38 deletion to eliminate
daratumumab-induced fratricide [94],or expanding specific
NK cell subsets with superior ADCC activity [94].

A subset of NK cells known as adaptive NK cells ex-
hibit lower CD38 expression compared to conventional NK
cells. It has been suggested that response to daratumumab
treatment is dependent on the composition of adaptive NK
cell present in the bone marrow [95]. The presence of these
low CD38-expressing adaptive NK cells may facilitate eva-
sion of daratumumab-induced NK cell fratricide. Adaptive

NK cells in NDMM have an effective killing of myeloma
cells in the presence of daratumumab, and patients with
high risk MM have a lower proportion of adaptive NK cells
compared to other myeloma patients, which might con-
tribute to treatment resistance towards daratumumab in this
group of patients [95].

Interestingly, another CD38 targeting antibody, isat-
uximab, primarily induces NK cell depletion through ex-
haustion rather than fratricide in an ex vivo setting [96].
When assessing NK cell count and activity in patients
treated with isatuximab, there was no observed reduction in
CD38+ NK cell counts among responders in a clinical trial
involving heavily pretreated myeloma patients, unlike the
findings in daratumumab-treated patients [97]. The reason
for this may be attributed to isatuximab’s ability to sustain
anti-myeloma effects through ADCC, suggesting that isat-
uximab may be better tolerated by NK cells.

Anti-SLAMF7 antibody, elotuzumab, is an IgG1 an-
tibody targeting a surface protein expressed on myeloma
cells, which is also naturally present on NK cells. A
preclinical study has demonstrated that elotuzumab ef-
fectively induces strong NK cell-mediated ADCC against
myeloma cells both in vitro and in vivo [98]. Further-
more, elotuzumab directly activates NK cells by binding to
SLAMF7 on both NK cells and myeloma cells, thus me-
diating NK cell cytotoxicity against myeloma cells inde-
pendent of ADCC [99–101] (Fig. 1). Unlike daratumumab,
elotuzumab treatment results in minimal NK cell fratricide
despite the expression of SLAMF7 on NK cells. However,
in a clinical setting, no response has been observed to elo-
tuzumab monotherapy [102].

A rare subset of NK cells, termed g-NK cells, is char-
acterized by the absence of the FcRγ adaptor protein and
exhibits enhanced ADCC capacity compared to conven-
tional NK cells upon stimulation via CD16 [103]. Recent
research indicates that, compared to conventional NK cells,
g-NK cells display increased antitumor efficacy when used
in combination with daratumumab or elotuzumab in vitro
assays. Furthermore, these cells demonstrate greater resis-
tance to daratumumab induced NK cell fratricide to con-
ventional NK cells [104].

Importantly, the combination of mAbs with im-
munomodulatory drugs (lMiDs) has demonstrated higher
response rates in RRMM compared with treatment with
IMiDs and dexamethasone alone [105–107]. Preclini-
cal studies have indicated that lenalidomide treatment en-
hanced mAbs-induced NK cell-mediated ADCC, which
may account for improved treatment responses with these
combination therapies [108–110]. Recently, the phase III
MAIA study compared the efficacy of lenalidomide and
dexamethasone against the combination treatment of dara-
tumumab, lenalidomide, and dexamethasone in newly diag-
nosed transplant ineligible MM patients. The results con-
firmed the superiority of triplet combination therapy. In-
terestingly, the combination of daratumumab, lenalidomide

8

https://www.imrpress.com


and dexamethasone in this group of older patients showed
unprecedented long PFS close to PFS observed for younger
transplant eligible patients, a group of patients which typi-
cally has a significantly better treatment outcome [111,112].
These clinical results suggest a potent synergism between
IMiDs and mAbs.

3.4 IMiDs and CELMoDs

IMiDs, such as pomalidomide and lenalidomide along
with their newer generation counterparts known as cere-
blon E3 ligase modulators (CELMoDs), are an important
class of drugs in the treatment of MM across all disease
stages. IMIDs and CELMoDs mediate antiproliferative ef-
fects on tumor cells through various mechanisms, some of
which are specifically derected at enhancing the activity of
NK cells. IMiD and CELMoD activity in MM is dependent
on the protein cereblon [113,114]. By recruiting cereblon,
these drugs facilitate the targeted degradation of transcrip-
tion factors Ikaros and Aiolos. This process not only results
in directs antitumor effects ob myeloma cells but also en-
hances the activation of surrounding immune cells, thereby
promoting an anti-tumor immune response [115].

IMiDs enhance the proliferation of T and NK cells
while increasing the expression of key activating recep-
tors, including CD16 and NKG2D, on NK cells. These ef-
fects lead to heightened NK cell activation, a lowered ac-
tivation threshold of NK cells, and improved ADCC [49,
116]. Specifically, lenalidomide-induced enhancement of
NK cell ADCC is believed to be associated with increased
levels of FasL and granzymeB, as well as enhanced produc-
tion of cytokines like IFN-γ and TNF-α, contributing to in-
creased cytolytic activity of NK cells [49,116–118] (Fig. 1).
The upregulation of TRAIL expression on NK cells may
play a role in the cytotoxicity promoted by lenalidomide
[119]. Notably, IMiDs not only affect NK cells directly
but also indirectly through IL-2-mediated T cell activation
[120,121]. Interestingly, a study examining NK cell func-
tion and activity in patients undergoing lenalidomide main-
tenance therapy following remission-inducing treatments
reported no enhancement of NK cell activation. Addition-
ally, the discontinuation of lenalidomide maintenance did
not result in a decline in NK cell function [122]. Given
that NK cell function is defective in MM, these findings
might indicate that the restoration of NK cell function pri-
marily occurs through the combination therapies used in the
treatment of MM. A study investigating NK cell function
in MRD negative versus MRD positive patients receiving
lenalidomide maintenance therapy post-autologous HSCT
found that MRD positive patients had lower NK cell counts
but exhibited a higher expression of activating receptors
and lower expression of inhibitory receptors. This suggests
that NK cells in MRD positive patients retain their acti-
vating capabilities. The study also showed loss of mature
effector function in NK cells during lenalidomide mainte-
nance therapy [123]. In heavily pre-treated myeloma pa-

tients, treatment with the CELMoD mezigdomide resulted
in the expansion of NK cell populations in the bone mar-
row while reducing the proportion of TIGIT-expressing NK
cells [124]. In a study of the CELMoD iberdomide, treat-
ment with this drug in heavily pretreated myeloma patients
showed similar results to mezigdomide, as well as a dose-
dependent increase in active and cytotoxic phenotypes of
NK cells, a decrease in TIGIT expression, and an increase in
NKG2D expressing NK cells present in the tumor microen-
vironment (Fig. 1) [125]. These findings were also present
in peripheral blood [125]. Preclinical models have demon-
strated that the combination of daratumumab with mezig-
domide enhanced cell surface CD38 expression as well as
daratumumab-induced ADCC [126].

Comparing these existing effective therapies that uti-
lize NK cell function with the earlier mentioned allogenic
NK cell transfer and CAR NK cell treatments, the exist-
ing treatments present no risk of serious side effects such
as GvHD or the development of CRS which are potential
complications associated with NK cell-based therapies.

3.5 Proteasome Inhibitors

Proteasome inhibitors are crucial in the treatment of
MM and are recommended in both first line and subse-
quent lines of therapy for patients eligible for HSCT as
well as those inelegible [2]. Currently, three types of
proteasome inhibitors are available: bortezomib, carfil-
zomib, and ixazomib, all of which are utilized in vari-
ous combinations and settings resulting in improved treat-
ment outcomes [127–130]. Proteasome inhibitors induce
myeloma cell death through multiple NK cell-dependent
mechanisms. Bortezomib and carfilzomib decrease the ex-
pression of HLA class I on myeloma cells, which increases
their susceptibility to lysis by NK cells in a dose-dependent
manner [131,132]. In in vitro expanded human NK cells,
bortezomib sensitizes tumor cells to NK cell cytotoxic-
ity by upregulation the expression of TRAIL-R2 on NK
cells through death receptor 5 (DR5) [133,134]. Moreover,
bortezomib contributes to a reduction in NKG2A-mediated
inhibition of NK cells due to decreased expression of HLA-
E on myeloma cells [134]. Bortezomib enhances expres-
sion of PVR and nectin-2 on myeloma cells, which facili-
tate greater recognition and activation of the activating re-
ceptors DNAM-1 and NKG2D on NK cells [135] (Fig. 1).
Together, these mechanisms illustrate how proteasome in-
hibitors can augment NK cell-mediated responses against
myeloma cells, improving therapeutic efficacy in the man-
agement of MM.

3.6 Belantamab Mafodotin

Belantamab mafodotin is one of the newer therapeutic
agents for the treatment ofMM, functioning as a dual-acting
antibody-drug conjugate (ADC). It consists of an anti-B
cell maturation antigen afucosylated, humanized IgG1 con-
jugated with the tubulin polymerization disrupting agent
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maleimidocaproyl monomethyl auristatin F. This drug ex-
hibits multiple antitumor effects, some of which leverage
NK cell functions, such as increasedNK cell infiltration and
enhancement of NK cell-mediated ADCC demonstrated in
mouse models [136] (Fig. 1). Belantamab mafodotin in-
duces enhancement of NK cell-mediated ADCC against
myeloma cells in vitro in human models, without altering
growth and survival of NK cells [137].

3.7 Modakafusp Alfa

Modakafusp alfa (formerly known as TAK-573) is a
novel first-in-class humanized anti-CD38 IgG4monoclonal
antibody designed to deliver IFNα2b to CD38+ cells, lead-
ing to type I IFN signaling in CD38+ cells. The drug
binds to a different epitope on CD38 than currently avail-
able anti-CD38 mAb, which allows it to avoid competition
for binding with daratumumab or isatuximab [138]. The
results from a first in human study demonstrated promis-
ing anti-myeloma effects in patients with RRMM treated
with modakafusp alfa [139]. This includes patients who
have relapsed on anti-CD38 mAbs. A study on the ex
vivo activity of modakafusp alfa showed that it rapidly ac-
tivates NK cells, enhancing their degranulation and anti-
myeloma effects (Fig. 1). Additionally, modakafusp alfa
improved efficacy of daratumumab or elotuzumab in cyto-
toxicity assays [140]. Peripheral blood and bone marrow
samples from the first in human study on modakafusp alfa
(NCT03215030) demonstrated modakafusp alfa induced an
increase in CD69+ and granzyme B+ NK cells, a decrease
in TIGIT+NK cells, and enhanced proliferation of NK cells
in bone marrow and peripheral blood. While these findings
did not correlate with clinical response for all samples, re-
sponders exhibited and in increase in CD40L+ NK cells, a
ligand which activates cytotoxicity in NK cells [141].

3.8 Bispecific NK Cell-engaging Antibodies

Bispecific killer cell engagers (BiKE) are antibodies
designed to simultaneously bind to a specific receptor on
NK cells and a tumor antigen expressed on malignant cells.
This dual binding facilitates activation of NK cells, lead-
ing to tumor cell killing through the formation of a synapse.
BiKEs are primarily being tested in preclinical settings with
CD16 or NKG2D as the NK cell targets as well as BCMA
or SLAMF7 as the target on myeloma cells. A preclinical
study of a BCMA/CD16 bispecific antibody RO7297089
demonstrated a selective binding to CD16 on NK cells,
which induced lysis of BCMA positive myeloma cells in
cynomolgus monkeys with a favorable safety profile [142]
(Fig. 1). In a phase I study, RO7297089 was demonstrated
to be well tolerated in patients with RRMM and showed
to induce some anti-myeloma activity [143]. A novel bis-
pecific antibody targeting SLAMF7 on myeloma cells and
NKG2D on immune cells utilizes the presence of the ac-
tivating receptor NKG2D on multiple immune cells [144].
Another BiKE targets BCMA on myeloma cells and carries

MICA molecules to stimulate NK cell activation through
biding to NKG2D on NK cells [145].

3.9 Checkpoint Inhibitors
Checkpoint inhibitors have been used in treatment of

solid cancers for many years, and some checkpoint in-
hibitors have found their place in treatment of haematolog-
ical malignancies. In MM, checkpoint inhibitors have gar-
nered interest in recent years. In MM, the PD-1/PD-L1 axis
is upregulated and leads to inhibition of NK cell activation,
which presents a possible treatment target (Fig. 1). In a pre-
clinical study, a PD-1 antibody enhanced NK cell function,
specifically against PD-L1 positive human MM cells in
vitro [48]. The combination of IMiDs and PD-1 inhibitors
increased NK cell activation and apoptosis of myeloma
cells, indicating the potential of a synergistic effect be-
tween IMiDs and PD-1 inhibitors [48,146]. In studies of
monotherapy, PD-1 inhibition in newly diagnosed MM or
in RRMM treated with combination therapy of lenalido-
mide or pomalidomide and dexamethasone with PD-1 in-
hibitors, no significant response to treatment was found,
and some studies demonstrated lack of tolerance due to high
rates of adverse events [147–150].

KIR inhibition through anti-KIR antibody IPH2101
increases NK cell-mediated tumor cell lysis in a preclinical
stetting [151] (Fig. 1). IPH2101 as monotherapy in patients
with SMM showed lack of response, and the study was pre-
maturely terminated [152]. In the same study, IPH2101 in-
duced hyporesponsiveness in NK cells in vitro and in vivo,
leading to a reduced ability to secrete IFN-γ in the pres-
ence of tumor cells [153]. In a phase I study of IPH2101
monotherapy in RRMM, binding of IPH2101 to NK cells
was successful at different doses and increased NK cell cy-
totoxicity against MM cells without reducing the number of
circulating NK cells [154]. The combination of lenalido-
mide and IPH2101 has also shown NK cell-mediated an-
titumor effects against lenalidomide-resistant tumors in a
preclinical setting, and some response was seen in RRMM
in a phase I study treated with IPH2101 combined with
lenalidomide [155,156]. This presents possible new treat-
ment strategies combining BiKEs with IMiDs, but also with
known drugs such as mAbs or upcoming therapies namely
CAR NK.

4. Future Directions
Immunosuppressive alterations in the TME and the

adaptation of MM cells to immune pressure present
both opportunities and challenges in immunotherapeu-
tic approaches to MM. Emerging evidence indicates that
myeloma cells can evade immunotherapeutic pressure
through various mechanisms. Antigen escape and dysfunc-
tional T cells are well-characterized mechanisms contribut-
ing to resistance against T cell-redirecting therapies. It is
plausible that the evasive properties of the MM cells, the
suppressive TME, and the dysfunctional population of NK
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cells will represent significant obstacles to effective NK cell
therapy for MM. As such, future treatment strategies may
be more successful if they involve genetic manipulation of
effector cells, enhancing their capacity to overcome the ad-
verse TME and prevent antigen escape [157].

Given that the TME acts as a barrier to the effi-
cacy of adoptive cell transfer, it is imperative to develop
strategies facilitating the persistence and infiltration of ef-
fector cells into this hostile TME. Notably, the crosstalk
between immune cells and vasculature influences the na-
ture of anti-tumor responses [158], and disorganized ves-
sels in TME hinder the trafficking and functionality of
effector cells [159]. Interestingly, TME often manipu-
late the balance between pro- and anti-angiogenic factors
[160]. NK cells can either inhibit or promote angiogen-
esis depending on the specific context, such as within a
hypoxic TME [161]. In addition, excessive production of
VEGF, a critical mediator of angiogenesis in MM [162],
negatively regulates adaptive immune responses in TME
[158]. Correspondingly, preclinical models have confirmed
that dual targeting of immune responses and angiogene-
sis represents a promising strategy for improving aberrant
vascular-immune crosstalk and enhancing the efficacy of
immunotherapy [163]. The combination of anti-angiogenic
treatment with immunotherapy has already proven to be a
successful strategy in treating solid cancers [164].

Another aspect limiting the efficacy of current im-
munotherapy in MM is the limited number of targetable
antigens. Given the significant challenges posed by antigen
escape and on-target off-tumor toxicity [165,166], there is a
pressing need to develop strategies that target MM-specific
antigens crucial to MM cell oncogenesis. Engaging antitu-
mor responses against neoantigens derived from oncogenes
[167] may provide a viable approach to address these cur-
rent challenges. Achieving this will require collaborative
efforts among basic, translational scientists, and industry
partners to expedite the application of novel NK cell-based
immunotherapies in clinical practice. Currently, NK cell-
based therapies are going through their “first wave”, facing
numerous limitations such as the lack of standardized reg-
ulations for quality assessment and the release of NK cell
products for clinical application. Moreover, the future de-
velopment of scalable manufacturing protocols for clinical-
grade production will be essential to facilitate the transla-
tion of novel NK cell-based immunotherapies into clinical
practice.

5. Conclusions
Multiple myeloma is a disease driven by immune

dysfunction and escape that worsen as the disease pro-
gresses. NK cells play a pivotal role in maintaining anti-
tumor immunity, and the dysfunction of NK cells signif-
icantly contributes to the development, progression, and
treatment resistance observed in MM. Therefore, restor-
ing NK cell functions is crucial for achieving disease con-

trol and ultimately curing MM. Through current therapeu-
tic approaches NK cell-based strategies are being used in
a multifaceted way. This is demonstrated through im-
munomodulatory drugs (IMiDs), proteasome inhibitors,
monoclonal antibodies, and most importantly strategies
combining these drugs together. A prime example is the
combination of lenalidomide and daratumumab, which rep-
resents the most effective treatment option for newly di-
agnosed transplant ineligible MM patients. This combi-
nation therapy exemplifies synergistic NK cell activation,
resulting in prolonged progression free survival. Impor-
tantly, NK cell fitness in MM patients is significantly in-
ferior to that of NK cells harvested from healthy individ-
uals. Therefore, combining NK cell-dependent therapies
with the administration of donor-derived NK cells presents
a promising strategy to mitigate the limitations of existing
treatments. Furthermore, the adoptive transfer of HLA-
mismatched NK cells has been associated with a graft-
versus-myeloma effect, further enhancing the cytotoxic ca-
pacity of donor-derived NK cells. Importantly, unlike T
cells, NK cell transfer between unrelated individuals is not
associated with significant alloreactivity against healthy tis-
sues. This selective alloreactivity towards malignant cells
renders NK cells a unique source of immune effector cells,
allowing for genetic manipulation and the potential de-
velopment of true off-the-shelf cellular therapy products.
An increasing number of clinical trials are exploring ge-
netically modified NK cell therapies, which have yielded
promising results. Future studies combining these new liv-
ing drugs with established treatments will further elucidate
the most effective strategies for achieving synergistic drug
effects, ultimately benefiting patients with MM.

Author Contributions
Writing— original draft preparation, IC and JK.Writ-

ing — content, review, and editing, EBC, NA, TB, and TL.
Supervision, JK. Conception and design of the review —
IC, JK, EBC,NA, TB, and TL.All authors have read and ap-
proved the final manuscript. All authors have participated
sufficiently in the work and agreed to be accountable for all
aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding
This research received no external funding.

Conflict of Interest
The authors declare no conflict of interest.

11

https://www.imrpress.com


References
[1] RaabMS, Podar K, Breitkreutz I, Richardson PG, Anderson KC.

Multiple myeloma. Lancet (London, England). 2009; 374: 324–
339. https://doi.org/10.1016/S0140-6736(09)60221-X

[2] Rajkumar SV. Multiple myeloma: 2020 update on diagnosis,
risk-stratification and management. American Journal of Hema-
tology. 2020; 95: 548–567. https://doi.org/10.1002/ajh.25791

[3] Bladé J, Rosiñol L, Cibeira MT, de Larrea CF. Pathogenesis and
progression of monoclonal gammopathy of undetermined sig-
nificance. Leukemia. 2008; 22: 1651–1657. https://doi.org/10.
1038/leu.2008.203

[4] Kyle RA, Larson DR, Therneau TM, Dispenzieri A, Kumar S,
Cerhan JR, et al. Long-Term Follow-up of Monoclonal Gam-
mopathy of Undetermined Significance. The New England Jour-
nal of Medicine. 2018; 378: 241–249. https://doi.org/10.1056/
NEJMoa1709974

[5] Kyle RA, Rajkumar SV. Treatment of multiple myeloma: a
comprehensive review. Clinical Lymphoma & Myeloma. 2009;
9: 278–288. https://doi.org/10.3816/CLM.2009.n.056

[6] Kawano Y, Roccaro AM, Ghobrial IM, Azzi J. Multiple
Myeloma and the Immune Microenvironment. Current Can-
cer Drug Targets. 2017; 17: 806–818. https://doi.org/10.2174/
1568009617666170214102301

[7] Romano A, Conticello C, Cavalli M, Vetro C, La Fauci A,
Parrinello NL, et al. Immunological dysregulation in multiple
myeloma microenvironment. BioMed Research International.
2014; 2014: 198539. https://doi.org/10.1155/2014/198539

[8] Vacca A, Ribatti D. Bone marrow angiogenesis in multiple
myeloma. Leukemia. 2006; 20: 193–199. https://doi.org/10.
1038/sj.leu.2404067

[9] Dosani T, Carlsten M, Maric I, Landgren O. The cellular im-
mune system in myelomagenesis: NK cells and T cells in
the development of MM and their uses in immunotherapies.
Blood Cancer Journal. 2015; 5: e321. https://doi.org/10.1038/
bcj.2015.49

[10] Díaz-Tejedor A, Lorenzo-Mohamed M, Puig N, García-Sanz
R, Mateos MV, Garayoa M, et al. Immune System Alterations
in Multiple Myeloma: Molecular Mechanisms and Therapeutic
Strategies to Reverse Immunosuppression. Cancers. 2021; 13:
1353. https://doi.org/10.3390/cancers13061353

[11] Nakamura K, SmythMJ,Martinet L. Cancer immunoediting and
immune dysregulation in multiple myeloma. Blood. 2020; 136:
2731–2740. https://doi.org/10.1182/blood.2020006540

[12] Leone P, Berardi S, Frassanito MA, Ria R, De Re V, Cicco S, et
al. Dendritic cells accumulate in the bone marrow of myeloma
patients where they protect tumor plasma cells fromCD8+T-cell
killing. Blood. 2015; 126: 1443–1451. https://doi.org/10.1182/
blood-2015-01-623975

[13] Leblay N, Maity R, Hasan F, Neri P. Deregulation of Adaptive T
Cell Immunity in Multiple Myeloma: Insights Into Mechanisms
and Therapeutic Opportunities. Frontiers in Oncology. 2020; 10:
636. https://doi.org/10.3389/fonc.2020.00636

[14] Fehniger TA, Cooper MA, Nuovo GJ, Cella M, Facchetti F,
Colonna M, et al. CD56bright natural killer cells are present
in human lymph nodes and are activated by T cell-derived IL-
2: a potential new link between adaptive and innate immu-
nity. Blood. 2003; 101: 3052–3057. https://doi.org/10.1182/bl
ood-2002-09-2876

[15] Campbell KS, Hasegawa J. Natural killer cell biology: an up-
date and future directions. The Journal of Allergy and Clinical
Immunology. 2013; 132: 536–544. https://doi.org/10.1016/j.ja
ci.2013.07.006

[16] Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L,
Lanier LL, et al. Innate or adaptive immunity? The example of
natural killer cells. Science (NewYork, N.Y.). 2011; 331: 44–49.
https://doi.org/10.1126/science.1198687

[17] Caligiuri MA. Human natural killer cells. Blood. 2008; 112:
461–469. https://doi.org/10.1182/blood-2007-09-077438

[18] Rebuffet L, Melsen JE, Escalière B, Basurto-Lozada D, Bhan-
doola A, Björkström NK, et al. High-dimensional single-cell
analysis of human natural killer cell heterogeneity. Nature
Immunology. 2024; 25: 1474–1488. https://doi.org/10.1038/
s41590-024-01883-0

[19] Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Func-
tions of natural killer cells. Nature Immunology. 2008; 9: 503–
510. https://doi.org/10.1038/ni1582

[20] Bryceson YT, March ME, Ljunggren HG, Long EO. Activation,
coactivation, and costimulation of resting human natural killer
cells. Immunological Reviews. 2006; 214: 73–91. https://doi.or
g/10.1111/j.1600-065X.2006.00457.x

[21] Zamai L, Ahmad M, Bennett IM, Azzoni L, Alnemri ES, Pe-
russia B. Natural killer (NK) cell-mediated cytotoxicity: dif-
ferential use of TRAIL and Fas ligand by immature and ma-
ture primary human NK cells. The Journal of Experimental
Medicine. 1998; 188: 2375–2380. https://doi.org/10.1084/jem.
188.12.2375

[22] Pegram HJ, Andrews DM, Smyth MJ, Darcy PK, KershawMH.
Activating and inhibitory receptors of natural killer cells. Im-
munology and Cell Biology. 2011; 89: 216–224. https://doi.org/
10.1038/icb.2010.78

[23] Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. Con-
trolling natural killer cell responses: integration of signals
for activation and inhibition. Annual Review of Immunology.
2013; 31: 227–258. https://doi.org/10.1146/annurev-immunol
-020711-075005

[24] Barrow AD, Martin CJ, Colonna M. The Natural Cytotoxic-
ity Receptors in Health and Disease. Frontiers in Immunology.
2019; 10: 909. https://doi.org/10.3389/fimmu.2019.00909

[25] Kumar S. Natural killer cell cytotoxicity and its regulation by
inhibitory receptors. Immunology. 2018; 154: 383–393. https:
//doi.org/10.1111/imm.12921

[26] Wang W, Erbe AK, Hank JA, Morris ZS, Sondel PM. NK Cell-
Mediated Antibody-Dependent Cellular Cytotoxicity in Cancer
Immunotherapy. Frontiers in Immunology. 2015; 6: 368. https:
//doi.org/10.3389/fimmu.2015.00368

[27] Davis Z, FelicesM, Lenvik T, Badal S,Walker JT, Hinderlie P, et
al. Low-density PD-1 expression on resting human natural killer
cells is functional and upregulated after transplantation. Blood
Advances. 2021; 5: 1069–1080. https://doi.org/10.1182/blooda
dvances.2019001110

[28] Quatrini L, Mariotti FR, Munari E, Tumino N, Vacca P, Moretta
L. The Immune Checkpoint PD-1 in Natural Killer Cells:
Expression, Function and Targeting in Tumour Immunother-
apy. Cancers. 2020; 12: 3285. https://doi.org/10.3390/cancer
s12113285

[29] Blom B, van Hoeven V, Hazenberg MD. ILCs in hematologic
malignancies: Tumor cell killers and tissue healers. Seminars in
Immunology. 2019; 41: 101279. https://doi.org/10.1016/j.smim
.2019.06.002

[30] Wang WT, Zhu HY, Wu YJ, Xia Y, Wu JZ, Wu W, et al. Ele-
vated absolute NK cell counts in peripheral blood predict good
prognosis in chronic lymphocytic leukemia. Journal of Cancer
Research and Clinical Oncology. 2018; 144: 449–457. https:
//doi.org/10.1007/s00432-017-2568-2

[31] IlanderM, Olsson-Strömberg U, SchlumsH, Guilhot J, Brück O,
Lähteenmäki H, et al. Increased proportion of mature NK cells
is associated with successful imatinib discontinuation in chronic
myeloid leukemia. Leukemia. 2017; 31: 1108–1116. https://doi.
org/10.1038/leu.2016.360

[32] Lotzová E, Savary CA, Herberman RB. Inhibition of clonogenic
growth of fresh leukemia cells by unstimulated and IL-2 stimu-
lated NK cells of normal donors. Leukemia Research. 1987; 11:

12

https://doi.org/10.1016/S0140-6736(09)60221-X
https://doi.org/10.1002/ajh.25791
https://doi.org/10.1038/leu.2008.203
https://doi.org/10.1038/leu.2008.203
https://doi.org/10.1056/NEJMoa1709974
https://doi.org/10.1056/NEJMoa1709974
https://doi.org/10.3816/CLM.2009.n.056
https://doi.org/10.2174/1568009617666170214102301
https://doi.org/10.2174/1568009617666170214102301
https://doi.org/10.1155/2014/198539
https://doi.org/10.1038/sj.leu.2404067
https://doi.org/10.1038/sj.leu.2404067
https://doi.org/10.1038/bcj.2015.49
https://doi.org/10.1038/bcj.2015.49
https://doi.org/10.3390/cancers13061353
https://doi.org/10.1182/blood.2020006540
https://doi.org/10.1182/blood-2015-01-623975
https://doi.org/10.1182/blood-2015-01-623975
https://doi.org/10.3389/fonc.2020.00636
https://doi.org/10.1182/blood-2002-09-2876
https://doi.org/10.1182/blood-2002-09-2876
https://doi.org/10.1016/j.jaci.2013.07.006
https://doi.org/10.1016/j.jaci.2013.07.006
https://doi.org/10.1126/science.1198687
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1038/s41590-024-01883-0
https://doi.org/10.1038/s41590-024-01883-0
https://doi.org/10.1038/ni1582
https://doi.org/10.1111/j.1600-065X.2006.00457.x
https://doi.org/10.1111/j.1600-065X.2006.00457.x
https://doi.org/10.1084/jem.188.12.2375
https://doi.org/10.1084/jem.188.12.2375
https://doi.org/10.1038/icb.2010.78
https://doi.org/10.1038/icb.2010.78
https://doi.org/10.1146/annurev-immunol-020711-075005
https://doi.org/10.1146/annurev-immunol-020711-075005
https://doi.org/10.3389/fimmu.2019.00909
https://doi.org/10.1111/imm.12921
https://doi.org/10.1111/imm.12921
https://doi.org/10.3389/fimmu.2015.00368
https://doi.org/10.3389/fimmu.2015.00368
https://doi.org/10.1182/bloodadvances.2019001110
https://doi.org/10.1182/bloodadvances.2019001110
https://doi.org/10.3390/cancers12113285
https://doi.org/10.3390/cancers12113285
https://doi.org/10.1016/j.smim.2019.06.002
https://doi.org/10.1016/j.smim.2019.06.002
https://doi.org/10.1007/s00432-017-2568-2
https://doi.org/10.1007/s00432-017-2568-2
https://doi.org/10.1038/leu.2016.360
https://doi.org/10.1038/leu.2016.360
https://www.imrpress.com


1059–1066. https://doi.org/10.1016/0145-2126(87)90158-5
[33] Bernal M, Garrido P, Jiménez P, Carretero R, AlmagroM, López

P, et al. Changes in activatory and inhibitory natural killer (NK)
receptors may induce progression to multiple myeloma: im-
plications for tumor evasion of T and NK cells. Human Im-
munology. 2009; 70: 854–857. https://doi.org/10.1016/j.humi
mm.2009.07.004

[34] Jurisic V, Srdic T, Konjevic G, Markovic O, Colovic M. Clin-
ical stage-depending decrease of NK cell activity in multi-
ple myeloma patients. Medical Oncology (Northwood, Lon-
don, England). 2007; 24: 312–317. https://doi.org/10.1007/
s12032-007-0007-y

[35] van de Donk NWCJ, Casneuf T, Di Cara A, Parren PW, Zweeg-
man S, van Kessel B, et al. Impact of Fc gamma receptor
polymorphisms on efficacy and safety of daratumumab in re-
lapsed/refractory multiple myeloma. British Journal of Haema-
tology. 2019; 184: 475–479. https://doi.org/10.1111/bjh.15122

[36] Verkleij CPM, Frerichs KA, BroekmansMEC, Duetz C, O’Neill
CA, Bruins WSC, et al. NK Cell Phenotype Is Associ-
ated With Response and Resistance to Daratumumab in Re-
lapsed/Refractory Multiple Myeloma. HemaSphere. 2023; 7:
e881. https://doi.org/10.1097/HS9.0000000000000881

[37] Maura F, Boyle EM, Coffey D, Maclachlan K, Gagler D, Di-
amond B, et al. Genomic and immune signatures predict clini-
cal outcome in newly diagnosed multiple myeloma treated with
immunotherapy regimens. Nature Cancer. 2023; 4: 1660–1674.
https://doi.org/10.1038/s43018-023-00657-1

[38] Farnault L, Sanchez C, Baier C, Le Treut T, Costello RT. Hema-
tological malignancies escape from NK cell innate immune
surveillance: mechanisms and therapeutic implications. Clini-
cal & Developmental Immunology. 2012; 2012: 421702. https:
//doi.org/10.1155/2012/421702

[39] Termini R, Žihala D, Terpos E, Perez-Montaña A, Jelínek
T, Raab M, et al. Circulating Tumor and Immune Cells for
Minimally Invasive Risk Stratification of Smoldering Multiple
Myeloma. Clinical Cancer Research: an Official Journal of the
American Association for Cancer Research. 2022; 28: 4771–
4781. https://doi.org/10.1158/1078-0432.CCR-22-1594

[40] Pittari G, Vago L, Festuccia M, Bonini C, Mudawi D, Giaccone
L, et al. Restoring Natural Killer Cell Immunity against Multiple
Myeloma in the Era of New Drugs. Frontiers in Immunology.
2017; 8: 1444. https://doi.org/10.3389/fimmu.2017.01444

[41] Leone P, Solimando AG, Malerba E, Fasano R, Buonavoglia A,
Pappagallo F, et al. Actors on the Scene: Immune Cells in the
Myeloma Niche. Frontiers in Oncology. 2020; 10: 599098. http
s://doi.org/10.3389/fonc.2020.599098

[42] Sawanobori M, Suzuki K, Nakagawa Y, Inoue Y, Utsuyama M,
Hirokawa K. Natural killer cell frequency and serum cytokine
levels in monoclonal gammopathies: correlation of bone mar-
row granular lymphocytes to prognosis. Acta Haematologica.
1997; 98: 150–154. https://doi.org/10.1159/000203610

[43] D’Souza C, Keam SP, Yeang HXA, Neeson M, Richardson
K, Hsu AK, et al. Myeloma natural killer cells are exhausted
and have impaired regulation of activation. Haematologica.
2021; 106: 2522–2526. https://doi.org/10.3324/haematol.2020.
277525

[44] Pazina T, MacFarlane AW, 4th, Bernabei L, Dulaimi E, Kotcher
R, YamC, et al. Alterations of NKCell Phenotype in the Disease
Course of Multiple Myeloma. Cancers. 2021; 13: 226. https:
//doi.org/10.3390/cancers13020226

[45] Costello RT, Boehrer A, Sanchez C, Mercier D, Baier C, Le
Treut T, et al. Differential expression of natural killer cell ac-
tivating receptors in blood versus bone marrow in patients with
monoclonal gammopathy. Immunology. 2013; 139: 338–341.
https://doi.org/10.1111/imm.12082

[46] El-SherbinyYM,Meade JL, Holmes TD,McGonagleD,Mackie

SL, Morgan AW, et al. The requirement for DNAM-1, NKG2D,
andNKp46 in the natural killer cell-mediated killing ofmyeloma
cells. Cancer Research. 2007; 67: 8444–8449. https://doi.org/
10.1158/0008-5472.CAN-06-4230

[47] Lozano E, Mena MP, Díaz T, Martin-Antonio B, León S,
Rodríguez-Lobato LG, et al. Nectin-2 Expression on Ma-
lignant Plasma Cells Is Associated with Better Response to
TIGIT Blockade in Multiple Myeloma. Clinical Cancer Re-
search: an Official Journal of the American Association for Can-
cer Research. 2020; 26: 4688–4698. https://doi.org/10.1158/
1078-0432.CCR-19-3673

[48] Benson DM, Jr, Bakan CE, Mishra A, Hofmeister CC, Efebera
Y, Becknell B, et al. The PD-1/PD-L1 axis modulates the
natural killer cell versus multiple myeloma effect: a thera-
peutic target for CT-011, a novel monoclonal anti-PD-1 anti-
body. Blood. 2010; 116: 2286–2294. https://doi.org/10.1182/bl
ood-2010-02-271874

[49] Guillerey C, Nakamura K, Vuckovic S, Hill GR, Smyth MJ. Im-
mune responses in multiple myeloma: role of the natural im-
mune surveillance and potential of immunotherapies. Cellular
and Molecular Life Sciences: CMLS. 2016; 73: 1569–1589.
https://doi.org/10.1007/s00018-016-2135-z

[50] Jinushi M, Vanneman M, Munshi NC, Tai YT, Prabhala RH,
Ritz J, et al. MHC class I chain-related protein A antibod-
ies and shedding are associated with the progression of mul-
tiple myeloma. Proceedings of the National Academy of Sci-
ences of the United States of America. 2008; 105: 1285–1290.
https://doi.org/10.1073/pnas.0711293105

[51] Bianchi G,Munshi NC. Pathogenesis beyond the cancer clone(s)
in multiple myeloma. Blood. 2015; 125: 3049–3058. https://do
i.org/10.1182/blood-2014-11-568881

[52] Sarkar S, van Gelder M, Noort W, Xu Y, Rouschop KMA,
Groen R, et al. Optimal selection of natural killer cells to kill
myeloma: the role of HLA-E and NKG2A. Cancer Immunol-
ogy, Immunotherapy: CII. 2015; 64: 951–963. https://doi.org/
10.1007/s00262-015-1694-4

[53] Tognarelli S, Wirsching S, von Metzler I, Rais B, Jacobs B,
Serve H, et al. Enhancing the Activation and Releasing the
Brakes: A Double Hit Strategy to Improve NK Cell Cytotoxic-
ity Against Multiple Myeloma. Frontiers in Immunology. 2018;
9: 2743. https://doi.org/10.3389/fimmu.2018.02743

[54] Wrzesinski SH, Wan YY, Flavell RA. Transforming growth
factor-beta and the immune response: implications for anti-
cancer therapy. Clinical Cancer Research: an Official Journal of
the AmericanAssociation for Cancer Research. 2007; 13: 5262–
5270. https://doi.org/10.1158/1078-0432.CCR-07-1157

[55] Hayashi T, Hideshima T, Nguyen AN, Munoz O, Podar K,
Hamasaki M, et al. Transforming growth factor beta receptor
I kinase inhibitor down-regulates cytokine secretion and multi-
ple myeloma cell growth in the bone marrowmicroenvironment.
Clinical Cancer Research: an Official Journal of the Ameri-
can Association for Cancer Research. 2004; 10: 7540–7546.
https://doi.org/10.1158/1078-0432.CCR-04-0632

[56] UrashimaM,Ogata A, ChauhanD, HatziyanniM,VidrialesMB,
Dedera DA, et al. Transforming growth factor-beta1: differen-
tial effects on multiple myeloma versus normal B cells. Blood.
1996; 87: 1928–1938.

[57] Castriconi R, Cantoni C, Della Chiesa M, Vitale M, Marce-
naro E, Conte R, et al. Transforming growth factor beta 1 in-
hibits expression of NKp30 and NKG2D receptors: conse-
quences for the NK-mediated killing of dendritic cells. Proceed-
ings of the National Academy of Sciences of the United States
of America. 2003; 100: 4120–4125. https://doi.org/10.1073/pn
as.0730640100

[58] Nachbaur DM, Herold M, Maneschg A, Huber H. Serum levels
of interleukin-6 in multiple myeloma and other hematological

13

https://doi.org/10.1016/0145-2126(87)90158-5
https://doi.org/10.1016/j.humimm.2009.07.004
https://doi.org/10.1016/j.humimm.2009.07.004
https://doi.org/10.1007/s12032-007-0007-y
https://doi.org/10.1007/s12032-007-0007-y
https://doi.org/10.1111/bjh.15122
https://doi.org/10.1097/HS9.0000000000000881
https://doi.org/10.1038/s43018-023-00657-1
https://doi.org/10.1155/2012/421702
https://doi.org/10.1155/2012/421702
https://doi.org/10.1158/1078-0432.CCR-22-1594
https://doi.org/10.3389/fimmu.2017.01444
https://doi.org/10.3389/fonc.2020.599098
https://doi.org/10.3389/fonc.2020.599098
https://doi.org/10.1159/000203610
https://doi.org/10.3324/haematol.2020.277525
https://doi.org/10.3324/haematol.2020.277525
https://doi.org/10.3390/cancers13020226
https://doi.org/10.3390/cancers13020226
https://doi.org/10.1111/imm.12082
https://doi.org/10.1158/0008-5472.CAN-06-4230
https://doi.org/10.1158/0008-5472.CAN-06-4230
https://doi.org/10.1158/1078-0432.CCR-19-3673
https://doi.org/10.1158/1078-0432.CCR-19-3673
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1007/s00018-016-2135-z
https://doi.org/10.1073/pnas.0711293105
https://doi.org/10.1182/blood-2014-11-568881
https://doi.org/10.1182/blood-2014-11-568881
https://doi.org/10.1007/s00262-015-1694-4
https://doi.org/10.1007/s00262-015-1694-4
https://doi.org/10.3389/fimmu.2018.02743
https://doi.org/10.1158/1078-0432.CCR-07-1157
https://doi.org/10.1158/1078-0432.CCR-04-0632
https://doi.org/10.1073/pnas.0730640100
https://doi.org/10.1073/pnas.0730640100
https://www.imrpress.com


disorders: correlation with disease activity and other prognostic
parameters. Annals of Hematology. 1991; 62: 54–58. https://do
i.org/10.1007/BF01714900

[59] Bataille R, Jourdan M, Zhang XG, Klein B. Serum levels of in-
terleukin 6, a potent myeloma cell growth factor, as a reflect of
disease severity in plasma cell dyscrasias. The Journal of Clini-
cal Investigation. 1989; 84: 2008–2011. https://doi.org/10.1172/
JCI114392

[60] Noonan K, Borrello I. The immune microenvironment of
myeloma. Cancer Microenvironment: Official Journal of the In-
ternational Cancer Microenvironment Society. 2011; 4: 313–
323. https://doi.org/10.1007/s12307-011-0086-3

[61] Cifaldi L, Prencipe G, Caiello I, Bracaglia C, Locatelli F,
De Benedetti F, et al. Inhibition of natural killer cell cyto-
toxicity by interleukin-6: implications for the pathogenesis of
macrophage activation syndrome. Arthritis & Rheumatology
(Hoboken, N.J.). 2015; 67: 3037–3046. https://doi.org/10.1002/
art.39295

[62] Sharma A, Khan R, Joshi S, Kumar L, SharmaM. Dysregulation
in T helper 1/T helper 2 cytokine ratios in patients with multiple
myeloma. Leukemia & Lymphoma. 2010; 51: 920–927. https:
//doi.org/10.3109/10428191003699563

[63] Trotta R, Dal Col J, Yu J, Ciarlariello D, Thomas B, Zhang X,
et al. TGF-beta utilizes SMAD3 to inhibit CD16-mediated IFN-
gamma production and antibody-dependent cellular cytotoxicity
in human NK cells. Journal of Immunology (Baltimore, Md.:
1950). 2008; 181: 3784–3792. https://doi.org/10.4049/jimmun
ol.181.6.3784

[64] Copelan EA. Hematopoietic stem-cell transplantation. The New
England Journal of Medicine. 2006; 354: 1813–1826. https://do
i.org/10.1056/NEJMra052638

[65] Ruggeri L, Capanni M, Casucci M, Volpi I, Tosti A, Perruc-
cio K, et al. Role of natural killer cell alloreactivity in HLA-
mismatched hematopoietic stem cell transplantation. Blood.
1999; 94: 333–339.

[66] Single RM, Martin MP, Gao X, Meyer D, Yeager M, Kidd JR,
et al. Global diversity and evidence for coevolution of KIR and
HLA. Nature Genetics. 2007; 39: 1114–1119. https://doi.org/10.
1038/ng2077

[67] Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD,
Tosti A, et al. Effectiveness of donor natural killer cell alloreac-
tivity in mismatched hematopoietic transplants. Science (New
York, N.Y.). 2002; 295: 2097–2100. https://doi.org/10.1126/sc
ience.1068440

[68] Shi J, Tricot G, Szmania S, Rosen N, Garg TK, Malaviarachchi
PA, et al. Infusion of haplo-identical killer immunoglobulin-like
receptor ligand mismatched NK cells for relapsed myeloma in
the setting of autologous stem cell transplantation. British Jour-
nal of Haematology. 2008; 143: 641–653. https://doi.org/10.
1111/j.1365-2141.2008.07340.x

[69] Szmania S, Lapteva N, Garg T, Greenway A, Lingo J, Nair
B, et al. Ex vivo-expanded natural killer cells demonstrate
robust proliferation in vivo in high-risk relapsed multiple
myeloma patients. Journal of Immunotherapy (Hagerstown,
Md.: 1997). 2015; 38: 24–36. https://doi.org/10.1097/CJI.
0000000000000059

[70] Shah N, Li L, McCarty J, Kaur I, Yvon E, Shaim H, et al.
Phase I study of cord blood-derived natural killer cells combined
with autologous stem cell transplantation in multiple myeloma.
British Journal of Haematology. 2017; 177: 457–466. https:
//doi.org/10.1111/bjh.14570

[71] Zhu C, Song Z, Wang A, Srinivasan S, Yang G, Greco R, et
al. Isatuximab Acts Through Fc-Dependent, Independent, and
Direct Pathways to Kill Multiple Myeloma Cells. Frontiers in
Immunology. 2020; 11: 1771. https://doi.org/10.3389/fimmu.
2020.01771

[72] Raje N, Berdeja J, Lin Y, Siegel D, Jagannath S, Madduri D,
et al. Anti-BCMA CAR T-Cell Therapy bb2121 in Relapsed
or Refractory Multiple Myeloma. The New England Journal of
Medicine. 2019; 380: 1726–1737. https://doi.org/10.1056/NE
JMoa1817226

[73] Rafiq S, Hackett CS, Brentjens RJ. Engineering strategies to
overcome the current roadblocks in CAR T cell therapy. Na-
ture Reviews. Clinical Oncology. 2020; 17: 147–167. https:
//doi.org/10.1038/s41571-019-0297-y

[74] Das RK, Vernau L, Grupp SA, Barrett DM. Naïve T-cell Deficits
at Diagnosis and after Chemotherapy Impair Cell Therapy Po-
tential in Pediatric Cancers. Cancer Discovery. 2019; 9: 492–
499. https://doi.org/10.1158/2159-8290.CD-18-1314

[75] Sanber K, Savani B, Jain T. Graft-versus-host disease risk af-
ter chimeric antigen receptor T-cell therapy: the diametric op-
position of T cells. British Journal of Haematology. 2021; 195:
660–668. https://doi.org/10.1111/bjh.17544

[76] Mehta RS, Rezvani K. Chimeric Antigen Receptor Expressing
Natural Killer Cells for the Immunotherapy of Cancer. Frontiers
in Immunology. 2018; 9: 283. https://doi.org/10.3389/fimmu.
2018.00283

[77] Wrona E, Borowiec M, Potemski P. CAR-NK Cells in the Treat-
ment of Solid Tumors. International Journal of Molecular Sci-
ences. 2021; 22: 5899. https://doi.org/10.3390/ijms22115899

[78] Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P,
Basar R, et al. Use of CAR-Transduced Natural Killer Cells in
CD19-Positive Lymphoid Tumors. The New England Journal of
Medicine. 2020; 382: 545–553. https://doi.org/10.1056/NEJM
oa1910607

[79] Marin D, Li Y, Basar R, Rafei H, Daher M, Dou J, et al.
Safety, efficacy and determinants of response of allogeneic
CD19-specific CAR-NK cells in CD19+ B cell tumors: a phase
1/2 trial. Nature Medicine. 2024; 30: 772–784. https://doi.org/
10.1038/s41591-023-02785-8

[80] Shaffer BC, Frigault MJ, Moustafa MA, Peres E, Tsai SB,
Levy S, et al. A Phase I/II study of GDA-201, cryopreserved
nicotinamide-enhanced allogeneic natural killer cells, in patients
with relapsed/refractory B-cell lymphoma. Transplantation and
Cellular Therapy. 2024. https://doi.org/10.1016/j.jtct.2023.12.
255

[81] Lin P, Silva FCR, Lin P, Gilbert AL, Acharya S, Cortes AKN,
et al. CD70 CAR NK Cells in the Treatment of Multiple
Myeloma. Blood. 2023; 42: 3463. https://doi.org/10.1182/bloo
d-2023-190612

[82] Chu J, Deng Y, Benson DM, He S, Hughes T, Zhang J, et al.
CS1-specific chimeric antigen receptor (CAR)-engineered nat-
ural killer cells enhance in vitro and in vivo antitumor activity
against human multiple myeloma. Leukemia. 2014; 28: 917–
927. https://doi.org/10.1038/leu.2013.279

[83] Ng YY, Du Z, Zhang X, Chng WJ, Wang S. CXCR4 and anti-
BCMA CAR co-modified natural killer cells suppress multi-
ple myeloma progression in a xenograft mouse model. Can-
cer Gene Therapy. 2022; 29: 475–483. https://doi.org/10.1038/
s41417-021-00365-x

[84] Park E, Mun HJ, Seo E, Hwang S, Lee JH, Song S, et al. CAR
NK92 Cells Targeting BCMA Can Effectively Kill Multiple
Myeloma Cells Both In Vitro and In Vivo. Biomedicines. 2024;
12: 248. https://doi.org/10.3390/biomedicines12010248

[85] Leivas A, Valeri A, Córdoba L, García-Ortiz A, Ortiz A,
Sánchez-Vega L, et al. NKG2D-CAR-transduced natural killer
cells efficiently target multiple myeloma. Blood Cancer Journal.
2021; 11: 146. https://doi.org/10.1038/s41408-021-00537-w

[86] Jiang H, Zhang W, Shang P, Zhang H, Fu W, Ye F, et al. Trans-
fection of chimeric anti-CD138 gene enhances natural killer
cell activation and killing of multiple myeloma cells. Molecu-
lar Oncology. 2014; 8: 297–310. https://doi.org/10.1016/j.molo

14

https://doi.org/10.1007/BF01714900
https://doi.org/10.1007/BF01714900
https://doi.org/10.1172/JCI114392
https://doi.org/10.1172/JCI114392
https://doi.org/10.1007/s12307-011-0086-3
https://doi.org/10.1002/art.39295
https://doi.org/10.1002/art.39295
https://doi.org/10.3109/10428191003699563
https://doi.org/10.3109/10428191003699563
https://doi.org/10.4049/jimmunol.181.6.3784
https://doi.org/10.4049/jimmunol.181.6.3784
https://doi.org/10.1056/NEJMra052638
https://doi.org/10.1056/NEJMra052638
https://doi.org/10.1038/ng2077
https://doi.org/10.1038/ng2077
https://doi.org/10.1126/science.1068440
https://doi.org/10.1126/science.1068440
https://doi.org/10.1111/j.1365-2141.2008.07340.x
https://doi.org/10.1111/j.1365-2141.2008.07340.x
https://doi.org/10.1097/CJI.0000000000000059
https://doi.org/10.1097/CJI.0000000000000059
https://doi.org/10.1111/bjh.14570
https://doi.org/10.1111/bjh.14570
https://doi.org/10.3389/fimmu.2020.01771
https://doi.org/10.3389/fimmu.2020.01771
https://doi.org/10.1056/NEJMoa1817226
https://doi.org/10.1056/NEJMoa1817226
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1158/2159-8290.CD-18-1314
https://doi.org/10.1111/bjh.17544
https://doi.org/10.3389/fimmu.2018.00283
https://doi.org/10.3389/fimmu.2018.00283
https://doi.org/10.3390/ijms22115899
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1038/s41591-023-02785-8
https://doi.org/10.1038/s41591-023-02785-8
https://doi.org/10.1016/j.jtct.2023.12.255
https://doi.org/10.1016/j.jtct.2023.12.255
https://doi.org/10.1182/blood-2023-190612
https://doi.org/10.1182/blood-2023-190612
https://doi.org/10.1038/leu.2013.279
https://doi.org/10.1038/s41417-021-00365-x
https://doi.org/10.1038/s41417-021-00365-x
https://doi.org/10.3390/biomedicines12010248
https://doi.org/10.1038/s41408-021-00537-w
https://doi.org/10.1016/j.molonc.2013.12.001
https://doi.org/10.1016/j.molonc.2013.12.001
https://doi.org/10.1016/j.molonc.2013.12.001


nc.2013.12.001
[87] Wang Y, Zhang Y, Bnson D, Caligiuri M, Yu J. Daratu-

mumab combined with CD38(-) natural killer cells armed with
a CS1 chimeric antigen receptor for the treatment of relapsed
multiple myeloma. Cancer Res. 2017; https://doi.org/10.1158/
1538-7445.AM2017-4617.

[88] Dhakal B, Berdaja JG, Gregory T, Ly T, Bickers C, Zong
X, et al. Interim phase I clinical data of FT576 as monother-
apy and in combination with daratumumab in subjects with re-
lapsed/refractory multiple myeloma. Blood. 2022. https://doi.or
g/10.1182/blood-2022-166994.

[89] Lokhorst HM, Plesner T, Laubach JP, Nahi H, Gimsing P, Hans-
son M, et al. Targeting CD38 with Daratumumab Monother-
apy in Multiple Myeloma. The New England Journal of
Medicine. 2015; 373: 1207–1219. https://doi.org/10.1056/NE
JMoa1506348

[90] Feng X, Zhang L, Acharya C, An G,Wen K, Qiu L, et al. Target-
ing CD38 Suppresses Induction and Function of T Regulatory
Cells to Mitigate Immunosuppression in Multiple Myeloma.
Clinical Cancer Research: an Official Journal of the Ameri-
can Association for Cancer Research. 2017; 23: 4290–4300.
https://doi.org/10.1158/1078-0432.CCR-16-3192

[91] Viola D, Dona A, Caserta E, Troadec E, Besi F, McDonald T,
et al. Daratumumab induces mechanisms of immune activation
through CD38+ NK cell targeting. Leukemia. 2021; 35: 189–
200. https://doi.org/10.1038/s41375-020-0810-4

[92] Casneuf T, Xu XS, Adams HC, 3rd, Axel AE, Chiu C, Khan I, et
al. Effects of daratumumab on natural killer cells and impact on
clinical outcomes in relapsed or refractory multiple myeloma.
Blood Advances. 2017; 1: 2105–2114. https://doi.org/10.1182/
bloodadvances.2017006866

[93] Zhu H, Blum RH, Bjordahl R, Gaidarova S, Rogers P, Lee
TT, et al. Pluripotent stem cell-derived NK cells with high-
affinity noncleavable CD16a mediate improved antitumor activ-
ity. Blood. 2020; 135: 399–410. https://doi.org/10.1182/blood.
2019000621

[94] Naeimi Kararoudi M, Nagai Y, Elmas E, de Souza Fernandes
Pereira M, Ali SA, Imus PH, et al. CD38 deletion of human pri-
mary NK cells eliminates daratumumab-induced fratricide and
boosts their effector activity. Blood. 2020; 136: 2416–2427.
https://doi.org/10.1182/blood.2020006200

[95] Cho H, Kim KH, Lee H, Kim CG, Chung H, Choi YS, et
al. Adaptive Natural Killer Cells Facilitate Effector Functions
of Daratumumab in Multiple Myeloma. Clinical Cancer Re-
search: an Official Journal of the American Association for Can-
cer Research. 2021; 27: 2947–2958. https://doi.org/10.1158/
1078-0432.CCR-20-3418

[96] Moreno L, Perez C, Zabaleta A, Manrique I, Alignani D, Ajona
D, et al. The Mechanism of Action of the Anti-CD38 Mono-
clonal Antibody Isatuximab inMultipleMyeloma. Clinical Can-
cer Research: an Official Journal of the American Association
for Cancer Research. 2019; 25: 3176–3187. https://doi.org/10.
1158/1078-0432.CCR-18-1597

[97] Dimopoulos M, Bringhen S, Anttila P, Capra M, Cavo M, Cole
C, et al. Isatuximab as monotherapy and combined with dexam-
ethasone in patients with relapsed/refractory multiple myeloma.
Blood. 2021; 137: 1154–1165. https://doi.org/10.1182/blood.
2020008209

[98] Hsi ED, Steinle R, Balasa B, Szmania S, Draksharapu A, Shum
BP, et al. CS1, a potential new therapeutic antibody target
for the treatment of multiple myeloma. Clinical Cancer Re-
search: an Official Journal of the American Association for Can-
cer Research. 2008; 14: 2775–2784. https://doi.org/10.1158/
1078-0432.CCR-07-4246

[99] Collins SM, Bakan CE, Swartzel GD, Hofmeister CC, Efebera
YA, Kwon H, et al. Elotuzumab directly enhances NK cell cyto-

toxicity against myeloma via CS1 ligation: evidence for aug-
mented NK cell function complementing ADCC. Cancer Im-
munology, Immunotherapy: CII. 2013; 62: 1841–1849. https:
//doi.org/10.1007/s00262-013-1493-8

[100] Wang YH, Hagiwara S, Kazama H, Iizuka Y, Tanaka N, Tanaka
J. Elotuzumab Enhances CD16-Independent NK Cell-Mediated
Cytotoxicity against Myeloma Cells by Upregulating Several
NK Cell-Enhancing Genes. Journal of Immunology Research.
2024; 2024: 1429879. https://doi.org/10.1155/2024/1429879

[101] Pazina T, James AM, MacFarlane AW, 4th, Bezman NA, Hen-
ning KA, Bee C, et al. The anti-SLAMF7 antibody elotuzumab
mediates NK cell activation through both CD16-dependent
and -independent mechanisms. Oncoimmunology. 2017; 6:
e1339853. https://doi.org/10.1080/2162402X.2017.1339853

[102] Zonder JA, Mohrbacher AF, Singhal S, van Rhee F, Bensinger
WI, Ding H, et al. A phase 1, multicenter, open-label, dose es-
calation study of elotuzumab in patients with advanced multiple
myeloma. Blood. 2012; 120: 552–559. https://doi.org/10.1182/
blood-2011-06-360552

[103] Hwang I, Zhang T, Scott JM, Kim AR, Lee T, Kakarla T, et al.
Identification of human NK cells that are deficient for signaling
adaptor FcRγ and specialized for antibody-dependent immune
functions. International Immunology. 2012; 24: 793–802. https:
//doi.org/10.1093/intimm/dxs080

[104] Bigley AB, Spade S, Agha NH, Biswas S, Tang S, Malik MH,
et al. FcεRIγ-negative NK cells persist in vivo and enhance effi-
cacy of therapeutic monoclonal antibodies in multiple myeloma.
Blood Advances. 2021; 5: 3021–3031. https://doi.org/10.1182/
bloodadvances.2020002440

[105] Dimopoulos MA, Lonial S, Betts KA, Chen C, Zichlin ML,
Brun A, et al. Elotuzumab plus lenalidomide and dexametha-
sone in relapsed/refractory multiple myeloma: Extended 4-year
follow-up and analysis of relative progression-free survival from
the randomized ELOQUENT-2 trial. Cancer. 2018; 124: 4032–
4043. https://doi.org/10.1002/cncr.31680

[106] Gormley NJ, Ko CW, Deisseroth A, Nie L, Kaminskas E, Ko-
rmanik N, et al. FDA Drug Approval: Elotuzumab in Combina-
tionwith Lenalidomide andDexamethasone for the Treatment of
Relapsed or Refractory Multiple Myeloma. Clinical Cancer Re-
search: an Official Journal of the American Association for Can-
cer Research. 2017; 23: 6759–6763. https://doi.org/10.1158/
1078-0432.CCR-16-2870

[107] Dimopoulos MA, Terpos E, Boccadoro M, Delimpasi S, Bek-
sac M, Katodritou E, et al. Subcutaneous daratumumab plus
pomalidomide and dexamethasone versus pomalidomide and
dexamethasone in patients with relapsed or refractory multiple
myeloma (APOLLO): extended follow up of an open-label, ran-
domised, multicentre, phase 3 trial. The Lancet. Haematology.
2023; 10: e813–e824. https://doi.org/10.1016/S2352-3026(23)
00218-1

[108] Balasa B, Yun R, Belmar NA, Fox M, Chao DT, Robbins
MD, et al. Elotuzumab enhances natural killer cell activation
and myeloma cell killing through interleukin-2 and TNF-α path-
ways. Cancer Immunology, Immunotherapy: CII. 2015; 64: 61–
73. https://doi.org/10.1007/s00262-014-1610-3

[109] Nijhof IS, Groen RWJ, Noort WA, van Kessel B, de Jong-
Korlaar R, Bakker J, et al. Preclinical Evidence for the Therapeu-
tic Potential of CD38-Targeted Immuno-Chemotherapy in Mul-
tiple Myeloma Patients Refractory to Lenalidomide and Borte-
zomib. Clinical Cancer Research: an Official Journal of the
American Association for Cancer Research. 2015; 21: 2802–
2810. https://doi.org/10.1158/1078-0432.CCR-14-1813

[110] Facon T, Kumar S, Plesner T, Orlowski RZ, Moreau P, Bahlis
N, et al. Daratumumab plus Lenalidomide and Dexametha-
sone for Untreated Myeloma. The New England Journal of
Medicine. 2019; 380: 2104–2115. https://doi.org/10.1056/NE

15

https://doi.org/10.1158/1538-7445.AM2017-4617
https://doi.org/10.1158/1538-7445.AM2017-4617
https://doi.org/10.1182/blood-2022-166994
https://doi.org/10.1182/blood-2022-166994
https://doi.org/10.1056/NEJMoa1506348
https://doi.org/10.1056/NEJMoa1506348
https://doi.org/10.1158/1078-0432.CCR-16-3192
https://doi.org/10.1038/s41375-020-0810-4
https://doi.org/10.1182/bloodadvances.2017006866
https://doi.org/10.1182/bloodadvances.2017006866
https://doi.org/10.1182/blood.2019000621
https://doi.org/10.1182/blood.2019000621
https://doi.org/10.1182/blood.2020006200
https://doi.org/10.1158/1078-0432.CCR-20-3418
https://doi.org/10.1158/1078-0432.CCR-20-3418
https://doi.org/10.1158/1078-0432.CCR-18-1597
https://doi.org/10.1158/1078-0432.CCR-18-1597
https://doi.org/10.1182/blood.2020008209
https://doi.org/10.1182/blood.2020008209
https://doi.org/10.1158/1078-0432.CCR-07-4246
https://doi.org/10.1158/1078-0432.CCR-07-4246
https://doi.org/10.1007/s00262-013-1493-8
https://doi.org/10.1007/s00262-013-1493-8
https://doi.org/10.1155/2024/1429879
https://doi.org/10.1080/2162402X.2017.1339853
https://doi.org/10.1182/blood-2011-06-360552
https://doi.org/10.1182/blood-2011-06-360552
https://doi.org/10.1093/intimm/dxs080
https://doi.org/10.1093/intimm/dxs080
https://doi.org/10.1182/bloodadvances.2020002440
https://doi.org/10.1182/bloodadvances.2020002440
https://doi.org/10.1002/cncr.31680
https://doi.org/10.1158/1078-0432.CCR-16-2870
https://doi.org/10.1158/1078-0432.CCR-16-2870
https://doi.org/10.1016/S2352-3026(23)00218-1
https://doi.org/10.1016/S2352-3026(23)00218-1
https://doi.org/10.1007/s00262-014-1610-3
https://doi.org/10.1158/1078-0432.CCR-14-1813
https://doi.org/10.1056/NEJMoa1817249
https://doi.org/10.1056/NEJMoa1817249


JMoa1817249
[111] Kumar SK, Moreau P, Bahlis NJ, Facon T, Plesner T, Orlowski

RZ, et al. Daratumumab plus lenalidomide and dexametha-
sone (D-Ed) versus lenalidomide and dexamethasone (Rd) alone
in transplant-ineligible patients with newly diagnosed multiple
myeloma (NDMM): updated analysis of the phase 3 Maia study.
Blood. 2022; 140: 10150–10153. https://doi.org/10.1182/bloo
d-2022-163335

[112] Richardson PG, Jacobus SJ, Weller EA, Hassoun H, Lonial S,
Raje NS, et al. Triplet Therapy, Transplantation, and Mainte-
nance until Progression in Myeloma. The New England Journal
of Medicine. 2022; 387: 132–147. https://doi.org/10.1056/NE
JMoa2204925

[113] Zhu YX, Braggio E, Shi CX, Bruins LA, Schmidt JE, VanWier
S, et al. Cereblon expression is required for the antimyeloma
activity of lenalidomide and pomalidomide. Blood. 2011; 118:
4771–4779. https://doi.org/10.1182/blood-2011-05-356063

[114] Hansen JD, Correa M, Nagy MA, Alexander M, Plantevin V,
Grant V, et al. Discovery of CRBN E3 Ligase Modulator CC-
92480 for the Treatment of Relapsed and Refractory Multiple
Myeloma. Journal of Medicinal Chemistry. 2020; 63: 6648–
6676. https://doi.org/10.1021/acs.jmedchem.9b01928

[115] Cippitelli M, Stabile H, Kosta A, Petillo S, Gismondi A, San-
toni A, et al. Role of Aiolos and Ikaros in the Antitumor and
Immunomodulatory Activity of IMiDs in Multiple Myeloma:
Better to Lose Than to Find Them. International Journal of
Molecular Sciences. 2021; 22: 1103. https://doi.org/10.3390/ij
ms22031103

[116] Lagrue K, Carisey A, Morgan DJ, Chopra R, Davis DM.
Lenalidomide augments actin remodeling and lowers NK-cell
activation thresholds. Blood. 2015; 126: 50–60. https://doi.org/
10.1182/blood-2015-01-625004

[117] Wu L, Adams M, Carter T, Chen R, Muller G, Stirling D,
et al. lenalidomide enhances natural killer cell and monocyte-
mediated antibody-dependent cellular cytotoxicity of rituximab-
treated CD20+ tumor cells. Clinical Cancer Research: an Offi-
cial Journal of the American Association for Cancer Research.
2008; 14: 4650–4657. https://doi.org/10.1158/1078-0432.CC
R-07-4405

[118] Sehgal K, Das R, Zhang L, Verma R, Deng Y, Kocoglu M,
et al. Clinical and pharmacodynamic analysis of pomalidomide
dosing strategies in myeloma: impact of immune activation and
cereblon targets. Blood. 2015; 125: 4042–4051. https://doi.org/
10.1182/blood-2014-11-611426

[119] Jungkunz-Stier I, Zekl M, Stühmer T, Einsele H, Seggewiss-
Bernhardt R. Modulation of natural killer cell effector func-
tions through lenalidomide/dasatinib and their combined effects
against multiple myeloma cells. Leukemia & Lymphoma. 2014;
55: 168–176. https://doi.org/10.3109/10428194.2013.794270

[120] Hayashi T, Hideshima T, Akiyama M, Podar K, Yasui H, Raje
N, et al. Molecular mechanisms whereby immunomodulatory
drugs activate natural killer cells: clinical application. British
Journal of Haematology. 2005; 128: 192–203. https://doi.org/
10.1111/j.1365-2141.2004.05286.x

[121] Holstein SA, McCarthy PL. Immunomodulatory Drugs in
Multiple Myeloma: Mechanisms of Action and Clinical Ex-
perience. Drugs. 2017; 77: 505–520. https://doi.org/10.1007/
s40265-017-0689-1

[122] Besson L, Charrier E, Karlin L, Allatif O, Marçais A, Rouzaire
P, et al. One-Year Follow-Up of Natural Killer Cell Activity in
Multiple Myeloma Patients Treated With Adjuvant Lenalido-
mide Therapy. Frontiers in Immunology. 2018; 9: 704. https:
//doi.org/10.3389/fimmu.2018.00704

[123] Bhutani M, Foureau D, Zhang Q, Robinson M, Wynn AS,
Steuerwald NM, et al. Peripheral Immunotype Correlates with
Minimal Residual Disease Status and Is Modulated by Im-

munomodulatory Drugs inMultipleMyeloma. Biology of Blood
and Marrow Transplantation: Journal of the American Soci-
ety for Blood and Marrow Transplantation. 2019; 25: 459–465.
https://doi.org/10.1016/j.bbmt.2018.11.015

[124] Chen LY, Oekelen OV, Amatangelo M, Chow TT, Upad-
hyaya B, Lagana A, et al. Mezigdomide treatment in relapsed-
refractory myeloma patients shifts bone marrow NK and T cell
populations from exhaustion to activation. Blood. 2023; 142:
4686. https://doi.org/10.1182/blood-2023-187748

[125] Van Oekelen O, Amatangelo M, Guo M, Upadhyaya B, Kelly
G, Patel M, et al. Large-Scale Mass Cytometry Reveals Signifi-
cant Activation of Innate and Adaptive Immunity in Bone Mar-
row Tumor Microenvironment of Iberdomide-Treated Myeloma
Patients. Blood. 2021; 5: 101584. https://doi.org/10.1016/j.xc
rm.2024.101584

[126] Wong L, Narla RK, Leisten J, Bauer D, Groza M, Gaffney B,
et al. CC-92480, a novel cereblon E3 ligase modulator, is syn-
ergistic with dexamethasone, bortezomib, and daratumumab in
multiple myeloma. Blood. 2019; 134: 1815. https://doi.org/10.
1182/blood-2019-124345.

[127] Durie BGM, Hoering A, Abidi MH, Rajkumar SV, Epstein J,
Kahanic SP, et al. Bortezomib with lenalidomide and dexam-
ethasone versus lenalidomide and dexamethasone alone in pa-
tients with newly diagnosed myeloma without intent for imme-
diate autologous stem-cell transplant (SWOG S0777): a ran-
domised, open-label, phase 3 trial. Lancet (London, England).
2017; 389: 519–527. https://doi.org/10.1016/S0140-6736(16)
31594-X

[128] Richardson PG, Sonneveld P, Schuster MW, Irwin D, Stadt-
mauer EA, Facon T, et al. Bortezomib or high-dose dexametha-
sone for relapsed multiple myeloma. The New England Journal
of Medicine. 2005; 352: 2487–2498. https://doi.org/10.1056/
NEJMoa043445

[129] Stewart AK, Rajkumar SV, Dimopoulos MA, Masszi T, Spicka
I, Oriol A, et al. Carfilzomib, lenalidomide, and dexamethasone
for relapsed multiple myeloma. The New England Journal of
Medicine. 2015; 372: 142–152. https://doi.org/10.1056/NEJM
oa1411321

[130] Moreau P, Masszi T, Grzasko N, Bahlis NJ, Hansson M,
Pour L, et al. Oral Ixazomib, Lenalidomide, and Dexametha-
sone for Multiple Myeloma. The New England Journal of
Medicine. 2016; 374: 1621–1634. https://doi.org/10.1056/NE
JMoa1516282

[131] Shi J, Tricot GJ, Garg TK, Malaviarachchi PA, Szmania SM,
Kellum RE, et al. Bortezomib down-regulates the cell-surface
expression of HLA class I and enhances natural killer cell-
mediated lysis of myeloma. Blood. 2008; 111: 1309–1317.
https://doi.org/10.1182/blood-2007-03-078535

[132] Yang G, Gao M, Zhang Y, Kong Y, Gao L, Tao Y, et al. Carfil-
zomib enhances natural killer cell-mediated lysis of myeloma
linked with decreasing expression of HLA class I. Oncotar-
get. 2015; 6: 26982–26994. https://doi.org/10.18632/oncotarg
et.4831

[133] Lundqvist A, Abrams SI, Schrump DS, Alvarez G, Suffredini
D, Berg M, et al. Bortezomib and depsipeptide sensitize tumors
to tumor necrosis factor-related apoptosis-inducing ligand: a
novel method to potentiate natural killer cell tumor cytotoxic-
ity. Cancer Research. 2006; 66: 7317–7325. https://doi.org/10.
1158/0008-5472.CAN-06-0680

[134] Carlsten M, Namazi A, Reger R, Levy E, Berg M, St Hilaire
C, et al. Bortezomib sensitizes multiple myeloma to NK cells
via ER-stress-induced suppression of HLA-E and upregulation
of DR5. Oncoimmunology. 2018; 8: e1534664. https://doi.org/
10.1080/2162402X.2018.1534664

[135] Niu C, Jin H, Li M, Zhu S, Zhou L, Jin F, et al. Low-dose
bortezomib increases the expression of NKG2D and DNAM-

16

https://doi.org/10.1182/blood-2022-163335
https://doi.org/10.1182/blood-2022-163335
https://doi.org/10.1056/NEJMoa2204925
https://doi.org/10.1056/NEJMoa2204925
https://doi.org/10.1182/blood-2011-05-356063
https://doi.org/10.1021/acs.jmedchem.9b01928
https://doi.org/10.3390/ijms22031103
https://doi.org/10.3390/ijms22031103
https://doi.org/10.1182/blood-2015-01-625004
https://doi.org/10.1182/blood-2015-01-625004
https://doi.org/10.1158/1078-0432.CCR-07-4405
https://doi.org/10.1158/1078-0432.CCR-07-4405
https://doi.org/10.1182/blood-2014-11-611426
https://doi.org/10.1182/blood-2014-11-611426
https://doi.org/10.3109/10428194.2013.794270
https://doi.org/10.1111/j.1365-2141.2004.05286.x
https://doi.org/10.1111/j.1365-2141.2004.05286.x
https://doi.org/10.1007/s40265-017-0689-1
https://doi.org/10.1007/s40265-017-0689-1
https://doi.org/10.3389/fimmu.2018.00704
https://doi.org/10.3389/fimmu.2018.00704
https://doi.org/10.1016/j.bbmt.2018.11.015
https://doi.org/10.1182/blood-2023-187748
https://doi.org/10.1016/j.xcrm.2024.101584
https://doi.org/10.1016/j.xcrm.2024.101584
https://doi.org/10.1182/blood-2019-124345
https://doi.org/10.1182/blood-2019-124345
https://doi.org/10.1016/S0140-6736(16)31594-X
https://doi.org/10.1016/S0140-6736(16)31594-X
https://doi.org/10.1056/NEJMoa043445
https://doi.org/10.1056/NEJMoa043445
https://doi.org/10.1056/NEJMoa1411321
https://doi.org/10.1056/NEJMoa1411321
https://doi.org/10.1056/NEJMoa1516282
https://doi.org/10.1056/NEJMoa1516282
https://doi.org/10.1182/blood-2007-03-078535
https://doi.org/10.18632/oncotarget.4831
https://doi.org/10.18632/oncotarget.4831
https://doi.org/10.1158/0008-5472.CAN-06-0680
https://doi.org/10.1158/0008-5472.CAN-06-0680
https://doi.org/10.1080/2162402X.2018.1534664
https://doi.org/10.1080/2162402X.2018.1534664
https://www.imrpress.com


1 ligands and enhances induced NK and γδ T cell-mediated
lysis in multiple myeloma. Oncotarget. 2017; 8: 5954–5964.
https://doi.org/10.18632/oncotarget.13979

[136] Montes de Oca R, Alavi AS, Vitali N, Bhattacharya S, Black-
well C, Patel K, et al. Belantamab Mafodotin (GSK2857916)
Drives Immunogenic Cell Death and Immune-mediated An-
titumor Responses In Vivo. Molecular Cancer Therapeutics.
2021; 20: 1941–1955. https://doi.org/10.1158/1535-7163.MC
T-21-0035

[137] Tai YT, Mayes PA, Acharya C, Zhong MY, Cea M, Cagnetta
A, et al. Novel anti-B-cell maturation antigen antibody-drug
conjugate (GSK2857916) selectively induces killing of multi-
ple myeloma. Blood. 2014; 123: 3128–3138. https://doi.org/10.
1182/blood-2013-10-535088

[138] Vogl DT, Kaufman JL, Holstein SA, Atrash S, Nadeem O,
Janakiram M, et al. Modakafusp Alfa (TAK-573), an Im-
munocytokine, Shows Clinical Activity in Patients with Re-
lapsed/Refractory Multiple Myeloma; Updated Results from a
First-in-Human Phase 1 Study. Blood. 2021; 138: 898. https:
//doi.org/10.1182/blood-2021-148463

[139] Vogl DT, Atrash S, Holstein SA, Nadeem O, Benson Jr. DM,
Suryanarayan K, et al. Final Results from the First-in-Human
Phase 1/2 Study of Modakafusp Alfa, an Immune-Targeting At-
tenuated Cytokine, in Patients (Pts) with Relapsed/Refractory
Multiple Myeloma (RRMM). Blood. 2022; 140: 1357–1359.
https://doi.org/10.1182/blood-2022-162253

[140] Bruins WSC, Rentenaar R, Collins S, Sampson JF, Van De
Donk NWCJ, Zweegman S, et al. Modakafusp Alfa (TAK-573),
a Novel CD38-Targeting Attenuated Interferon-Alpha Immuno-
cytokine, Kills MM Cells Via NK Cell Activation. Blood. 2022;
140: 4236–4237. https://doi.org/10.1182/blood-2022-156387

[141] Saggu G, Lee MY, Dunbar F, Singh R, Sachsenmeier K, Vogl
DT, et al. Modakafusp Alfa Demonstrates Type I Interferon-
Mediated Innate and Adaptive Immune Enhancement in a Phase
1/2 Study in Patients with Relapsed and/or Refractory Multiple
Myeloma (RRMM). Blood. 2023; 142: 3316. https://doi.org/10.
1182/blood-2023-177909

[142] Kakiuchi-Kiyota S, Ross T, Wallweber HA, Kiefer JR, Schut-
ten MM, Adedeji AO, et al. A BCMA/CD16A bispecific
innate cell engager for the treatment of multiple myeloma.
Leukemia. 2022; 36: 1006–1014. https://doi.org/10.1038/
s41375-021-01478-w

[143] Plesner T, Harrison SJ, Quach H, Lee C, Bryant A, Vang-
sted A, et al. Phase I Study of Safety and Pharmacokinetics
of RO7297089, an Anti-BCMA/CD16a Bispecific Antibody, in
Patients with Relapsed, Refractory Multiple Myeloma. Clinical
Hematology International. 2023; 5: 43–51. https://doi.org/10.
1007/s44228-022-00023-5

[144] ChanWK, Kang S, Youssef Y, Glankler EN, Barrett ER, Carter
AM, et al. A CS1-NKG2DBispecific Antibody Collectively Ac-
tivates Cytolytic Immune Cells against Multiple Myeloma. Can-
cer Immunology Research. 2018; 6: 776–787. https://doi.org/
10.1158/2326-6066.CIR-17-0649

[145] Wang Y, Li H, Xu W, Pan M, Qiao C, Cai J, et al. BCMA-
targeting Bispecific Antibody That Simultaneously Stimulates
NKG2D-enhanced Efficacy Against MultipleMyeloma. Journal
of Immunotherapy (Hagerstown, Md.: 1997). 2020; 43: 175–
188. https://doi.org/10.1097/CJI.0000000000000320

[146] Young MH, Pietz G, Whalen E, Copeland W, Thompson E,
Fox BA, et al. Immunomodulation by durvalumab and poma-
lidomide in patients with relapsed/refractory multiple myeloma.
Scientific Reports. 2021; 11: 16460. https://doi.org/10.1038/
s41598-021-95902-x

[147] Lesokhin AM, Ansell SM, Armand P, Scott EC, Halwani A,
Gutierrez M, et al. Nivolumab in Patients With Relapsed or
Refractory Hematologic Malignancy: Preliminary Results of a

Phase Ib Study. Journal of Clinical Oncology: Official Journal
of the American Society of Clinical Oncology. 2016; 34: 2698–
2704. https://doi.org/10.1200/JCO.2015.65.9789

[148] Mateos MV, Orlowski RZ, Ocio EM, Rodríguez-Otero P,
Reece D, Moreau P, et al. Pembrolizumab combined with
lenalidomide and low-dose dexamethasone for relapsed or re-
fractory multiple myeloma: phase I KEYNOTE-023 study.
British Journal of Haematology. 2019; 186: e117–e121. https:
//doi.org/10.1111/bjh.15946

[149] Usmani SZ, Schjesvold F, Oriol A, Karlin L, Cavo M, Rifkin
RM, et al. Pembrolizumab plus lenalidomide and dexam-
ethasone for patients with treatment-naive multiple myeloma
(KEYNOTE-185): a randomised, open-label, phase 3 trial. The
Lancet. Haematology. 2019; 6: e448–e458. https://doi.org/10.
1016/S2352-3026(19)30109-7

[150] Mateos MV, Blacklock H, Schjesvold F, Oriol A, Simpson D,
George A, et al. Pembrolizumab plus pomalidomide and dex-
amethasone for patients with relapsed or refractory multiple
myeloma (KEYNOTE-183): a randomised, open-label, phase
3 trial. The Lancet. Haematology. 2019; 6: e459–e469. https:
//doi.org/10.1016/S2352-3026(19)30110-3

[151] Romagné F, André P, Spee P, Zahn S, Anfossi N, Gauthier L,
et al. Preclinical characterization of 1-7F9, a novel human anti-
KIR receptor therapeutic antibody that augments natural killer-
mediated killing of tumor cells. Blood. 2009; 114: 2667–2677.
https://doi.org/10.1182/blood-2009-02-206532

[152] Korde N, CarlstenM, LeeMJ, Minter A, Tan E, KwokM, et al.
A phase II trial of pan-KIR2D blockade with IPH2101 in smol-
dering multiple myeloma. Haematologica. 2014; 99: e81–e83.
https://doi.org/10.3324/haematol.2013.103085

[153] Carlsten M, Korde N, Kotecha R, Reger R, Bor S, Kazand-
jian D, et al. Checkpoint Inhibition of KIR2D with the Mono-
clonal Antibody IPH2101 Induces Contraction andHyporespon-
siveness of NK Cells in Patients with Myeloma. Clinical Can-
cer Research: an Official Journal of the American Association
for Cancer Research. 2016; 22: 5211–5222. https://doi.org/10.
1158/1078-0432.CCR-16-1108

[154] Benson DM, Jr, Hofmeister CC, Padmanabhan S, Suvan-
nasankha A, Jagannath S, Abonour R, et al. A phase 1 trial of the
anti-KIR antibody IPH2101 in patients with relapsed/refractory
multiple myeloma. Blood. 2012; 120: 4324–4333. https://doi.or
g/10.1182/blood-2012-06-438028

[155] Benson DM, Jr, Bakan CE, Zhang S, Collins SM, Liang J, Sri-
vastava S, et al. IPH2101, a novel anti-inhibitory KIR antibody,
and lenalidomide combine to enhance the natural killer cell ver-
sus multiple myeloma effect. Blood. 2011; 118: 6387–6391.
https://doi.org/10.1182/blood-2011-06-360255

[156] Benson DM, Jr, Cohen AD, Jagannath S, Munshi NC,
Spitzer G, Hofmeister CC, et al. A Phase I Trial of the Anti-
KIR Antibody IPH2101 and Lenalidomide in Patients with
Relapsed/Refractory Multiple Myeloma. Clinical Cancer Re-
search: an Official Journal of the American Association for Can-
cer Research. 2015; 21: 4055–4061. https://doi.org/10.1158/
1078-0432.CCR-15-0304

[157] Tomasik J, Jasiński M, Basak GW. Next generations of CAR-T
cells - new therapeutic opportunities in hematology? Frontiers
in Immunology. 2022; 13: 1034707. https://doi.org/10.3389/fi
mmu.2022.1034707

[158] Lee WS, Yang H, Chon HJ, Kim C. Combination of anti-
angiogenic therapy and immune checkpoint blockade normal-
izes vascular-immune crosstalk to potentiate cancer immunity.
Experimental & Molecular Medicine. 2020; 52: 1475–1485.
https://doi.org/10.1038/s12276-020-00500-y

[159] Motz GT, Santoro SP, Wang LP, Garrabrant T, Lastra RR,
Hagemann IS, et al. Tumor endothelium FasL establishes a se-
lective immune barrier promoting tolerance in tumors. Nature

17

https://doi.org/10.18632/oncotarget.13979
https://doi.org/10.1158/1535-7163.MCT-21-0035
https://doi.org/10.1158/1535-7163.MCT-21-0035
https://doi.org/10.1182/blood-2013-10-535088
https://doi.org/10.1182/blood-2013-10-535088
https://doi.org/10.1182/blood-2021-148463
https://doi.org/10.1182/blood-2021-148463
https://doi.org/10.1182/blood-2022-162253
https://doi.org/10.1182/blood-2022-156387
https://doi.org/10.1182/blood-2023-177909
https://doi.org/10.1182/blood-2023-177909
https://doi.org/10.1038/s41375-021-01478-w
https://doi.org/10.1038/s41375-021-01478-w
https://doi.org/10.1007/s44228-022-00023-5
https://doi.org/10.1007/s44228-022-00023-5
https://doi.org/10.1158/2326-6066.CIR-17-0649
https://doi.org/10.1158/2326-6066.CIR-17-0649
https://doi.org/10.1097/CJI.0000000000000320
https://doi.org/10.1038/s41598-021-95902-x
https://doi.org/10.1038/s41598-021-95902-x
https://doi.org/10.1200/JCO.2015.65.9789
https://doi.org/10.1111/bjh.15946
https://doi.org/10.1111/bjh.15946
https://doi.org/10.1016/S2352-3026(19)30109-7
https://doi.org/10.1016/S2352-3026(19)30109-7
https://doi.org/10.1016/S2352-3026(19)30110-3
https://doi.org/10.1016/S2352-3026(19)30110-3
https://doi.org/10.1182/blood-2009-02-206532
https://doi.org/10.3324/haematol.2013.103085
https://doi.org/10.1158/1078-0432.CCR-16-1108
https://doi.org/10.1158/1078-0432.CCR-16-1108
https://doi.org/10.1182/blood-2012-06-438028
https://doi.org/10.1182/blood-2012-06-438028
https://doi.org/10.1182/blood-2011-06-360255
https://doi.org/10.1158/1078-0432.CCR-15-0304
https://doi.org/10.1158/1078-0432.CCR-15-0304
https://doi.org/10.3389/fimmu.2022.1034707
https://doi.org/10.3389/fimmu.2022.1034707
https://doi.org/10.1038/s12276-020-00500-y
https://www.imrpress.com


Medicine. 2014; 20: 607–615. https://doi.org/10.1038/nm.3541
[160] Huang Z, Bao SD. Roles of main pro- and anti-angiogenic fac-

tors in tumor angiogenesis. World Journal of Gastroenterology.
2004; 10: 463–470. https://doi.org/10.3748/wjg.v10.i4.463

[161] Garcés-Lázaro I, Kotzur R, Cerwenka A, Mandelboim O. NK
Cells Under Hypoxia: The Two Faces of Vascularization in
Tumor and Pregnancy. Frontiers in Immunology. 2022; 13:
924775. https://doi.org/10.3389/fimmu.2022.924775

[162] Podar K, Anderson KC. The pathophysiologic role of
VEGF in hematologic malignancies: therapeutic implications.
Blood. 2005; 105: 1383–1395. https://doi.org/10.1182/bloo
d-2004-07-2909

[163] Fang J, Lu Y, Zheng J, Jiang X, Shen H, Shang X, et al. Explor-
ing the crosstalk between endothelial cells, immune cells, and
immune checkpoints in the tumor microenvironment: new in-
sights and therapeutic implications. Cell Death &Disease. 2023;
14: 586. https://doi.org/10.1038/s41419-023-06119-x

[164] Rini BI, Plimack ER, Stus V, Gafanov R, Hawkins R, Nosov

D, et al. Pembrolizumab plus Axitinib versus Sunitinib for Ad-
vanced Renal-Cell Carcinoma. The New England Journal of
Medicine. 2019; 380: 1116–1127. https://doi.org/10.1056/NE
JMoa1816714

[165] Lee H, Ahn S, Maity R, Leblay N, Ziccheddu B, Truger
M, et al. Mechanisms of antigen escape from BCMA- or
GPRC5D-targeted immunotherapies in multiple myeloma. Na-
ture Medicine. 2023; 29: 2295–2306. https://doi.org/10.1038/
s41591-023-02491-5

[166] Flugel CL, Majzner RG, Krenciute G, Dotti G, Riddell SR,
Wagner DL, et al. Overcoming on-target, off-tumour toxic-
ity of CAR T cell therapy for solid tumours. Nature Reviews.
Clinical Oncology. 2023; 20: 49–62. https://doi.org/10.1038/
s41571-022-00704-3

[167] Hsiue EHC, Wright KM, Douglass J, Hwang MS, Mog BJ,
Pearlman AH, et al. Targeting a neoantigen derived from a com-
mon TP53 mutation. Science (New York, N.Y.). 2021; 371:
eabc8697. https://doi.org/10.1126/science.abc8697

18

https://doi.org/10.1038/nm.3541
https://doi.org/10.3748/wjg.v10.i4.463
https://doi.org/10.3389/fimmu.2022.924775
https://doi.org/10.1182/blood-2004-07-2909
https://doi.org/10.1182/blood-2004-07-2909
https://doi.org/10.1038/s41419-023-06119-x
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1038/s41591-023-02491-5
https://doi.org/10.1038/s41591-023-02491-5
https://doi.org/10.1038/s41571-022-00704-3
https://doi.org/10.1038/s41571-022-00704-3
https://doi.org/10.1126/science.abc8697
https://www.imrpress.com

	1. Introduction
	1.1 Multiple Myeloma
	1.2 Natural Killer Cells

	2. Natural Killer Cells in Multiple Myeloma Development
	3. The Role of NK Cells in MM Treatment
	3.1 Allogenic NK Cell Transplantation and Adoptive NK Cell Transfer
	3.2 Adoptive Transfer of Genetically Manipulated NK Cells: Chimeric Antigen Receptor NK Cells (CAR NK)
	3.3 Monoclonal Antibodies 
	3.4 IMiDs and CELMoDs
	3.5 Proteasome Inhibitors
	3.6 Belantamab Mafodotin 
	3.7 Modakafusp Alfa
	3.8 Bispecific NK Cell-engaging Antibodies
	3.9 Checkpoint Inhibitors

	4. Future Directions
	5. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

